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The advent of nanoporous materials such as zeolites and nanoporous membranes has 
provided cost-effective solutions to some of the most pressing problems of the 20th century 
such as the conversion of crude oil into fuels and valuable chemicals. Hierarchical zeolites 
and mesoporous inorganic membranes are showing great promise in addressing new 
problems such as the conversion of biomass into value-added chemicals and development 
of energy-efficient separation processes. The synthesis and fundamental aspects of 
molecular transport in these new materials with hierarchical porosities need to be better 
understood in order to rationally develop them for these desired applications.  
Pore narrowing and pore blockage have been proposed to cause the significantly 
slower than expected diffusion in hierarchical zeolites and zeolite nanoparticles. In the first 
part of this work, the diffusion of cyclohexane and 1-methylnaphthalene is studied in 
MCM-41, SBA-15 and conventional as well as hierarchical silicalite-1 zeolite. The role of 
sorbate-sorbent interactions is investigated and surface diffusion-mediated pore re-entry 
into micropores is proposed to cause the slower overall diffusion in these materials.  
Previous molecular transport studies in zeolites have been limited to the MFI zeolite 
framework, mainly due to ease of synthesis of siliceous MFI in comparison to other 
siliceous zeolites. Additionally, the requirement of fluoride for the synthesis of siliceous 
zeolites makes practical applications of these materials difficult. The second part of this 
work addresses these problems by developing a general, fluoride-free method for the 
vii 
synthesis of siliceous zeolites. The dry gel conversion (DGC) method is used to synthesize 
2 new siliceous zeolites for the first time without using fluoride. Mechanistic aspects of 
siliceous zeolite synthesis, the DGC method in particular, are studied and employed to 
further improve the synthesis method.  
Mesoporous inorganic membranes have ideally suited properties for separations such 
as low pressure drop and thermal as well mechanical stability. However, two challenges 
impede their applications – the large-scale synthesis of defect-free mesoporous membranes 
and the development of a fundamental understanding of molecular transport in them. In the 
third part of this thesis, a new, scalable synthesis method with superior coverage is 
demonstrated for the synthesis of hybrid mesoporous silica-anodized aluminium oxide 
(AAO) membranes. Steady state non-equilibrium capillary condensation is studied in detail 
using the permeation of butane through AAO membranes. New aspects of this phenomenon 
are reported and experimental evidence is found in support of a partial capillary condensed 
state of a mesopore stabilized by molecular transport.  
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CHAPTER 1  
INTRODUCTION 
1.1. Synthesis and Molecular Transport in Zeolites  
Zeolites are crystalline microporous materials which have been widely used as 
adsorbents, ion exchangers and as solid acid catalysts, owing to their excellent 
hydrothermal stability and molecular sieving capability.1 These crystalline materials are 
formed from tetrahedral central atoms (called T atoms which are typically Si or Al) linked 
with each other through T-O-T (Si-O-Si or Si-O-Al) linkages2 (Figure 1.1Figure 1.1). This 
can lead to numerous possible structures, each of which are assigned a three-letter code 
(eg. CHA, BEA, MFI) by the International Zeolite Association – Structure Commission 
(IZA-SC). To date, 239 structures have been recognized by the IZA-SC.  
 
Figure 1.1 Schematic showing (a) two T atoms linked by a T-O-T bond (b) Supercell 
of MFI framework zeolite structure with a single unit cell highlighted, depicting how 
continuous pores are formed in a crystalline networked structure. 
Zeolites were first mined from the earth’s surface, close to areas of volcanic activity. 
Inspired by this, synthesis of zeolites is typically accomplished by a solvothermal process 
i.e. by treating the synthesis solution/gel in a pressurized autoclave at high temperatures 
and pressures (Figure 1.2). The synthesis gel generally comprises a solvent (generally, 
water), a silicon source (fumed silica, sodium silicate, colloidal silica, etc.), an aluminium 
source (alumina in different forms, sodium aluminate, aluminium isopropoxide, etc.), a 
mineralizing agent and an organic base. The mineralizing agent which is either an inorganic 
 2 
 
base or hydrogen fluoride is what helps dissolve the silica and alumina in water during 
synthesis. The organic base (typically, a quaternary ammonium salt) is also known as the 
organic structure directing agent (OSDA) and helps direct the zeolite synthesis to a 
particular framework structure through templating and charge-based interactions with the 
silica and alumina in the synthesis solution. After synthesis, the resulting solid product is 
washed and then calcined in flowing air to get rid of the OSDA in the pores of the final 
product.  
 
Figure 1.2 Typical procedure used for the hydrothermal synthesis of zeolites using (a) 
inorganic base, or (b) hydrogen fluoride as a mineralizing agent.  
The crystalline nature of zeolites leads to structures with continuous micropores 
through the entire zeolite crystal (Figure 1.1). This kind of physical structure makes these 
materials uniquely suited for applications such as catalysis, adsorption and separations.3, 4 
In order to rationally design zeolites that are best suited for these varied applications, it is 
imperative to understand how molecules diffuse through the zeolite framework. The 
synthesis of new types of materials such as hierarchical zeolites and zeolite nanoparticles 
was expected to greatly improve the efficacy with which zeolites are used by reducing mass 
transfer limitations for molecular transport through these materials. However, diffusion 
studies revealed limited improvements in mass transport through these materials in 
 3 
 
comparison to conventional zeolites.5-13 Structure-based surface barriers such as pore 
narrowing and pore blockage were proposed to explain this observed disconnect between 
theory and practice.14, 15 In the first part of this work, the diffusion of cyclohexane and 1-
methylnaphthalene is studied in MCM-41, SBA-15 and conventional as well as 
hierarchical silicalite-1 zeolite. The role of sorbate-sorbent interaction in these materials is 
investigated. Surface diffusion-mediated pore re-entry into micropores, a non-structural 
transport mechanism, is proposed to cause the slower than expected overall diffusion in 
these materials. The reduction in the rate of molecular transport in hierarchical zeolites is 
found to be at least in part due to a non-structural effect resulting from the high external 
surface available in these materials causing both surface diffusion and configurational 
diffusion mechanisms acting in concert to reduce the overall diffusivity in the system. 
Molecular transport studies in zeolites have so far been largely restricted to the MFI 
framework structure mainly due to ease of synthesis of MFI zeolite in various 
morphologies as well as sizes.8, 16 These studies in zeolites are performed with siliceous (or 
pure silica) forms of zeolites because the lack of aluminium in the structure helps better 
understand the phenomena involved by eliminating charge-based interactions as well as 
the possibility of reactions occurring during the molecular transport studies. Siliceous 
zeolites are quite challenging to synthesize with less than 20% of the known zeolite 
structures having been synthesized in siliceous form.17-19 A majority (>90 %) of these have 
been synthesized with the help of fluoride, which adds to the difficulty in using these 
materials for practical applications due to the accompanied cost and process safety-related 
risks.   
1.2. Synthesis and Molecular Transport in Mesoporous Membranes 
Mesoporous inorganic membranes have significant potential for important small-
molecule separations such as CO2 or VOC (Volatile Organic Compound) recovery from 
stack gases20 and ethanol/water separation in biofuels production.21 Due to their pore sizes 
which range from 2 to 50 nm, which is almost an order of magnitude larger than the small 
molecules, these membranes rely on separation mechanisms different from molecular 
sieving effects. These typically rely on multilayer adsorption and surface diffusion-related 
 4 
 
effects to achieve desired separation properties. Sometimes, these membranes have been 
shown to favor the transport of heavier molecules through them while the lighter molecules 
are not preferred to pass through. This can lead to selectivities in excess of 100 in favor of 
the heavier molecule.22, 23 However, the underlying mechanism of molecular transport is 
not yet well-understood. Another issue with mesoporous inorganic membranes is that there 
is a lack of scalable synthesis techniques that allow the synthesis of defect-free mesoporous 
membranes on a large scale.24, 25  
1.3. Thesis scope 
The thesis is structured as follows. Our studies on the diffusion of bulky molecules 
in hierarchical and nanoparticle forms of zeolites, as well as mesoporous silicas which have 
lead to a new perspective on the role of surface barriers in diffusion of molecules through 
these new classes of materials are presented in Chapter 2. Chapter 3 describes our work on 
developing a general fluoride-free synthesis technique for the synthesis of siliceous 
zeolites. Such a technique would presumably allow for the synthesis of different particle 
sizes of siliceous zeolites which is necessary for future studies on diffusion in zeolites.  
In Chapter 4, the synthesis of hybrid mesoporous silica-AAO (anodized aluminium 
oxide) membranes is studied and a technique to improve coverage of mesoporous silica 
within these membranes is developed. Additionally, the little studied phenomenon of 
steady state non-equilibrium capillary condensation in mesoporous membranes is explored 
in detail by observing the single gas permeation of butane through AAO membranes.  
Chapter 5 includes some concluding remarks and suggested future directions for the 





DIFFUSION STUDIES IN HIERARCHICAL ZEOLITES AND 
MESOPOROUS SILICAS 
2.1. Background  
The performance of zeolites in applications involving bulky molecules can be 
hindered by mass transport limitations of such molecules within the zeolite framework. 
One strategy for overcoming such mass transport limitations is using hierarchical porous 
materials such as zeolites and mesoporous silicas, which exhibit porosity on multiple length 
scales comprising micropores (<2 nm pore diameter) and mesopores (2-50 nm). These 
materials provide enhanced overall mass transport owing to faster transport within the 
mesopores and shorter micropore lengths.26-29 Two categories of hierarchical porous 
materials have been developed in the past few decades – mesoporous silicas and 
hierarchical zeolites.  
Mesoporous silicas with ordered mesoporosity are synthesized by the self-assembly 
of silicate species using various types of surfactants. An example is SBA-15, which is 
synthesized using a nonionic block copolymer surfactant, has highly ordered hexagonal 
mesoporous structures and disordered microporous structures within the mesopore walls.30, 
31 Another example is MCM-41, which is synthesized using a cationic surfactant and 
possesses ordered hexagonally arranged mesopores with the absence of any microporosity 
in the pore walls.32  
Hierarchical zeolites, on the other hand, possess the crystalline micropores of zeolites 
along with ordered or disordered mesopores. Two main categories of synthetic approaches 
have been developed to synthesize these materials – direct synthesis and post-synthetic 
treatments. Post-synthesis approaches such as hydrothermal and chemical dealumination 
and desilication treatments of zeolites have been widely used to incorporate mesoporosity 
in zeolite Y and other zeolite frameworks.33-35 Hierarchical zeolites synthesized using these 
approaches tend to have non-uniform mesoporosity as well as lower micropore volumes. 
It has also been shown that such treatments can lead to changes in the distribution of 
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Bronsted and Lewis acid sites in the hierarchical zeolite crystals thus obtained in addition 
to the likelihood of the presence of extra-framework aluminium species, both of which can 
affect the catalytic activity of the hierarchical zeolite catalysts.33 Direct synthetic 
approaches for the synthesis of hierarchical zeolites were developed to overcome these 
challenges. Templating with porous carbons has been shown to be quite effective in direct 
hierarchical zeolite synthesis by allowing growth of zeolite in the confined pore space of 
the porous carbon materials.36 A modification of this approach is to include carbon 
nanoparticles in the synthesis gel such that the zeolite crystal envelops these nanoparticles 
during the synthesis.27 In both cases, the carbon is burnt off during post-synthesis 
calcination to obtain the hierarchical zeolite. Other templating approaches employ so-
called soft templates such as surfactants and polymers as mesopore templates.27, 37 Ryoo 
and co-workers extended this approach further by using a bifunctional surfactant that 
performs the dual roles of structure direction of the zeolite as well as directing mesopore 
formation through multiple cationic moieties in the surfactant head groups.38 The final class 
of direct synthesis approaches for hierarchical zeolite synthesis involves finely controlling 
the nucleation, growth and assembly of zeolite precursors during the synthesis. This 
approach has been successfully used to synthesize hierarchical MFI and FAU framework 
zeolites.39-41  
Both mesoporous silicas as well as hierarchical zeolite materials have been 
investigated for various applications,42-47 however the mass transport properties of these 
materials have not been fully understood.9, 10, 14, 48-52 In order to be able to rationally develop 
hierarchical porous materials for different applications in adsorption, heterogeneous 
catalysis and separations, it is imperative that structure-property-function relationships for 
such materials be developed.  
 Molecular transport in hierarchical porous materials is a function of the complex 
interplay between a number of physical (size and structure of the micropores and 
mesopores as well as the interconnection between these pore networks, size and structure 
of the diffusing molecule) and chemical factors (interaction between the diffusing molecule 
and the pore surface) all of which combine to make these systems challenging to 
understand.8 Figure 2.1Figure 2.1 shows the possible transport mechanisms in the 
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micropores and mesopores of these hierarchical porous materials.  In micropores, the 
diffusion process (called configurational diffusion) is dictated by the nature of sorbate-
sorbent interactions and the micropore structure. This is because the size of the molecule 
is comparable to the size of the micropore itself, and hence strong interactions between the 
sorbate and sorbent are possible. In the mesopores, either Knudsen diffusion or surface 
diffusion or a combination of the two can control the transport process, as determined by 
the strength of interactions between the molecule and the surface of mesopores. Surface 
diffusion (i.e., molecular transport along the surface) has been observed for molecular 
diffusion in systems with a strong sorbent−sorbate interaction.53, 54 Knudsen diffusion is 
referred to as mass transport executing long trajectories with significant radial 
displacement in the mesopores of porous materials.8 This diffusion mechanism is seen 
when the size of the pore is less than the mean free path of the diffusing molecule which is 
true of mesopores. These three basic diffusional mechanisms coupled with other factors 
such as pore connectivities and the strength of interactions between the sorbate and the 
pore surface of the sorbent make diffusion in hierarchical porous materials a very complex 
phenomenon to study and understand.  
 
Figure 2.1 Schematic showing different possible diffusion mechanisms and 
interactions in hierarchical porous materials. 
Due to the complexity of the underlying phenomena, a number of different 
techniques are required to study diffusion in porous materials. Experimental techniques to 
measure diffusivity are often classified as microscopic and macroscopic techniques for 
diffusivity measurement depending on the length scale of the technique involved. NMR 
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(Nuclear Magnetic Resonance)-based techniques such as PFG NMR (Pulsed Field 
Gradient NMR) and exchange NMR as well as QENS (quasi-elastic neutron scattering) 
form the most common microscopic measurement techniques for the measurement of 
intracrystalline diffusivity. Due to the short displacements investigated by them, these 
techniques have the benefit of not being affected by internal barriers in the porous 
materials.8, 10 On the other hand, macroscopic diffusion measurement techniques such as 
ZLC (zero length column), gravimetry, membrane permeation and FR (frequency 
response) investigate diffusion path lengths of the same order of magnitude as the spatial 
dimensions of crystallites/particles being studied.8, 10, 16 Comparison of results from these 
different techniques for some zeolites have shown that the measured diffusivity decreases 
with increasing length scale of measurement. Such observations have been associated with 
the presence of periodic barriers such as structural defects in these porous materials.16 
Macroscopic diffusivity measurement techniques can thus help understand the effect of 
parameters other than the true unencumbered intracrystalline diffusivity on the observed 
diffusivity. However, it is important to ensure that the porous materials synthesized as well 
as the experimental conditions selected for these measurements are carefully chosen such 
that the conclusions drawn are not affected by external factors such as particle size 
distributions, possible heat transfer resistances and the effect of various cations and/or 
defects in the zeolite framework, especially when comparing results between different 
samples. Molecular simulations also help provide valuable insights into diffusion processes 
by investigating the effect of experimentally prohibitive factors such as pore connectivities 
and framework flexibility on the observed diffusivities in porous materials.13, 49, 51 Newly 
developed micro-imaging techniques55 such as interference microscopy and IR microscopy 
complement the above techniques by allowing one to experimentally visualize 
intracrystalline/intraparticle concentration profiles.   
A number of studies have been published on the topic of diffusion in hierarchical 
porous materials using the different measurement techniques mentioned earlier. Bhatia and 
coworkers showed that MCM-41, which is a non-microporous mesoporous silica, exhibits 
molecular transport that was strongly influenced by surface diffusion rather than by 
Knudsen diffusion at low molecular coverages.53, 54 They found that the measured 
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diffusivities of C6-C10 paraffins in MCM-41 decrease monotonically while the activation 
energy as well as isosteric heat of adsorption increased monotonically with molecular 
weight. They also found that the pore size of MCM-41 did not influence the measured 
diffusivity of n-decane. Based on these results, they postulated that the sorbate-sorbent 
interaction strongly influences the diffusion phenomena in MCM-41at low coverages. This 
indicates that the Knudsen diffusion process which is influenced by the mesopore size and 
not influenced by the strength of sorbate-sorbent interaction likely does not govern the 
overall mass transport in MCM-41 at low coverages; instead, molecular transport in this 
system is most likely governed by the surface diffusion phenomenon, as suggested by our 
results shown later in this chapter.  
A similar series of systematic studies of mesoporous silicas with microporosity (such 
as SBA-15 and SBA-16) by Kaliaguine and coworkers have shown that diffusion at low 
molecular coverage is dominated by configurational diffusion in the micropores, rather 
than surface diffusion or Knudsen diffusion in the mesopores.56-60 They observed that SBA-
15 samples with different microporosity showed different rates of diffusion as well as the 
associated activation energies. As the microporosity of the SBA-15 sample increased, the 
diffusivity of n-heptane was observed to decrease corresponding with an increase in 
activation energy of the diffusion process as well as the isosteric heats of adsorption. In 
comparison, SBA-16 which has a three-dimensional mesopore structure exhibited faster 
diffusion and higher activation energies than in the SBA-15 samples at identical conditions 
which was attributed to the differences in pore connectivity of the two materials. Putting 
these results together, they concluded that the observed diffusivities are a combination of 
diffusion in micropores coupled with the diffusion processes in the mesopores, resulting in 
differences in the apparent activation energies of diffusion in the different mesoporous 
silica materials. Due to the role of the micropores in the observed diffusion processes, they 
proposed a three-dimensional path for diffusion in SBA-15 and SBA-16 type of materials.60 
Another study compared the self-diffusivity of toluene in two SBA-15 samples using the 
tracer ZLC and PFG NMR techniques.61 This study showed a large discrepancy in the 
values of diffusivities obtained by the two techniques under similar experimental 
conditions and attributed this to the fact that SBA-15 particles form string-like aggregates 
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20-30 µm in size causing some mesoporous channels to be as long, leading to significantly 
longer diffusion paths than expected in these materials.  
Recent molecular modeling and NMR studies have also shown that while adsorption 
properties can be explained as a sum of the effect of the micropores and the mesopores, the 
overall diffusion in these hierarchical porous materials cannot be explained as a 
combination of the two types of pore systems.13, 62, 63 It has been postulated that this is 
because of the higher concentration of the adsorbed molecules in the micropores of the 
adsorbate as compared to the other regions of the samples.13, 62 Other recent molecular 
simulation work proposes the existence of a threshold pore connectivity of the mesopore 
network in hierarchical porous materials below which there is limited enhancement in 
molecular transport.49  
The introduction of mesoporosity in the zeolite structure has been proven to result in 
improved molecular transport compared to the conventional zeolite which does not have 
any mesopores through NMR,48, 64, 65 ZLC,11, 14, 66 adsorption uptake67, 68 as well as catalytic 
studies.67, 69  However, it was found that the value of diffusivity decreased with decreasing 
characteristic diffusion length for particles with the same crystalline pore structure. 
Consequently, the observed improvement in molecular transport was found to be orders of 
magnitude lesser than expected on the basis of their smaller characteristic diffusion lengths. 
Since these hierarchical zeolites have significantly higher external surface than 
conventional zeolite materials, the existence of surface-dependent secondary mass 
transport resistances or “surface barriers” has been proposed to explain the observation of 
significantly slower than expected diffusivities.11, 12, 14, 65, 70-74 Different theories have been 
proposed to explain the origin of these surface barriers. Energetic differences between 
surface sites and sites within micropores have been proposed to cause this.74 Other work 
has proposed that these differences in energy to cause structural changes of the particle 
surface such that there is narrowing of pores or pore blockage at the surface.11, 72, 73 
Experimental work involving etching of the external surface of ZSM-5 zeolite 
nanoparticles has shown enhancement in molecular transport indicating that structural 
changes at the surface are significant.73, 75 In situ atomic force microscopy (AFM) of 
silicalite-1 crystal growth does support this by showing evidence of both molecule-by-
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molecule attachment as well as growth by attachment of metastable precursors.76 However, 
existence of widespread structural changes at the surface of zeolite particles is at odds with 
aberration-corrected high-resolution transmission electron microscopic (AC-HRTEM) 
imaging of commercial ZSM-5 as well as FAU and BEA zeolite samples showing well-
defined crystal edges at the surface.77, 78 Additionally, recent work based on kinetic Monte 
Carlo simulations has shown that while introduction of randomly distribution surface pore 
blockages can increase the molecular path length for adsorbate molecules exiting the 
porous zeolite particle, a vast majority (>99.9%) of the surface pores must be blocked to 
account for the observed reduction in diffusivity with reduction in characteristic diffusion 
length.79 The surface barriers have also been proposed to be significantly different for 
uptake from the bulk into the surface than for release to the surface after intracrystalline 
diffusion based on results of frequency response measurements on silicalite-1 zeolite.12  
The studies and results discussed so far highlight the complexity of molecular 
transport in hierarchical porous materials. To understand this better, a systematic study of 
mass transport in hierarchical porous materials with precisely controlled microporosity and 
mesoporosity is thus highly desired. In the experimental study that will be presented 
herafter, the mass transport of two probe molecules, cyclohexane and 1- 
methylnaphthalene, was studied in two types of hierarchical porous materials with 
controllable pore structures to understand the relative effects of mesopores and micropores. 
Cyclohexane (kinetic diameter: 0.56−0.58 nm) can enter the micropores of silicalite-1, 
while 1-methylnaphthalene (kinetic diameter: 0.78−0.80 nm) cannot do so.2 Purely 
siliceous porous materials were used to reduce the complexity of chemical interactions that 
needed to be considered. These include a mesoporous silica with microporosity (SBA-15) 
and a hierarchical zeolite (three-dimensionally ordered mesoporous imprinted or 3DOm- 
silicalite-1). In addition, a mesoporous silica sample without microporosity (MCM-41) was 
also synthesized and used as a control for the above experiments. The differences in pore 
structures of the three materials used are depicted in Figure 2.2Figure 2.2. These three 
hierarchical porous materials were carefully synthesized with the desired pore structures 
and diffusion studies in these were conducted with the two different probe molecules to 





Figure 2.2 Schematics depicting the micropore and mesopore structures of the three 
hierarchical porous materials used in the study. Particle radius (Rpart) and pore wall 
half-thickness (Rwall) are also shown for better understanding. 
2.2. Experimental section 
2.2.1. Materials 
Pluronic P-123, tetraethoxysilane (TEOS, 98%), and hydrochloric acid (37%, reagent 
grade) were purchased from Sigma-Aldrich. Hexadecyltrimethylammonium bromide 
(CTAB, 99% min) was purchased from Acros Organics. Ammonium hydroxide (reagent 
grade) was purchased from Fisher Scientific. For mass transport measurements, 
cyclohexane (99%, HPLC grade) and 1-methylnaphthalene (96%, reagent grade) were 
purchased from Alfa Aesar. 
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2.2.2. Porous materials synthesis 
Three different SBA-15 samples with varying microporosity, MCM-41, 3DOm-i 
silicalite-1 and conventional silicalite-1 zeolite were synthesized using previously 
published synthesis methods.32, 36, 80  
The SBA-15 samples were synthesized using a solution of composition 1 SiO2:5.7 
HCl:0.017 Pluronic P-123:192.7 H2O. The solution was stirred for 5 min and then 
maintained at 308 K under static conditions for 20 h. Following this, the solution was 
maintained at elevated temperatures under static conditions for 24 h. The temperature 
during this step determined the microporosity and mesoporosity of the synthesized SBA-
15 rods. Three SBA-15 samples were synthesized at temperatures of 308, 333, and 383 K 
during this step, respectively. The product was collected by filtration and washed with 
deionized water followed by drying at 343 K for 10 h. To remove the surfactant, the sample 
was calcined at 823 K for 12 h with a ramping rate of 0.5 K/min under flowing dry air. 
Three samples with different mesopore size and micropore volume are referred to as SBA-
15 5 nm, SBA-15 6.2 nm, and SBA-15 8.5 nm based on the mesopore diameters obtained 
from their N2 adsorption isotherms at 77 K (Figure 2.5Figure ).  
MCM-41 was synthesized using a solution of composition SiO2:0.125 CTAB:69 
NH4OH:525 H2O. Ammonium hydroxide solution was mixed with deionized water and 
CTAB (cetyl trimethyl ammonium bromide), and then heated to 353 K under vigorous 
mixing. Once the surfactant was dissolved in the solution, TEOS was slowly added. This 
solution was stirred for another 2 h. The obtained product was filtered, dried at 343 K for 
10 h, and then calcined at 823 K for 4 h with a ramping rate of 0.5 K/min under flowing 
dry air. 
2.2.3. Materials characterization 
X-ray scattering data for the SBA-15 samples was collected with a Molecular 
Metrology SAXS line using Cu Kα radiation and a sample-to-detector distance of 1481 
mm. X-ray scattering data for MCM-41 and 3DOm-i silicalite-1 were collected on a 
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SAXSLAB Ganesha instrument using Cu Kα radiation and a sample-to-detector distance 
of 900 mm. 
Nitrogen and argon adsorption isotherms were used to characterize the textural 
properties of all samples. These were measured on a Quantachrome Autosorb-iQ system 
at 77 and 87 K, respectively, after outgassing at 523 K until pressure rise in the test cell 
was less than 25 mTorr/min. Pore size distribution and cumulative pore volume were 
calculated by using the NLDFT (nonlocal density functional theory) adsorption kernel 
(nitrogen adsorbed in cylindrical pores of silica at 77 K in case of nitrogen isotherms; argon 
adsorbed in cylindrical pores of silica at 87 K in case of argon isotherms) using AsiQwin 
v3.01 (Quantachrome). Total pore volumes were evaluated at P/P0 = 0.95. 
Scanning electron micrographs of the samples were collected using a Magellan 400 
XHR-SEM instrument (FEI) equipped with a field emission gun operated at 3.0 kV. The 
samples were sputter coated with platinum before imaging. 
2.2.4. Measurement of diffusivity 
The zero-length column (ZLC) chromatography technique pioneered by Ruthven and 
co-workers was used for diffusion measurements in this study.81, 82 The experimental 
methodology and validation procedures have been discussed in detail in Appendix A. 
Adsorbate probe molecules were cyclohexane and 1-methylnaphthalene. In both cases, 
nitrogen was used as the carrier gas and was bubbled through a liquid column of the probe 
molecule maintained at a fixed temperature (283 K in the case of cyclohexane; 293 K in 
the case of 1-methylnaphthalene). The same conditions were used for all the measurements 
for either of the probe molecules. The piping between the bubbler and the samples was 
maintained at 323 K to prevent condensation of the probe molecule within the transfer 
piping. About 2.0 mg of the porous material was placed between two quarter-inch stainless 
steel frits and contained within a 0.2″ Swagelok union placed in an isothermal gas 
chromatograph oven (Agilent 7890A). The length of the gas tubing in the isothermal oven 
was sufficient to ensure that the gas temperature was the same as the sample when 
contacted with each other. Gas flow rates were regulated using Brooks 5850E mass flow 
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controllers. A FID (Flame Ionization Detector) was used to measure the probe molecule 
concentration in the gas stream. Prior to measurement, the porous samples were treated at 
523 K for 12 h under a nitrogen flow of 50 mL/min to remove any adsorbed molecules. 
The obtained ZLC data for the diffusion of cyclohexane and 1-methylnaphthalene 
were analyzed using the long-time analysis method and short-time analysis method, 
respectively.81 Detailed information on the analysis methods is available in Appendix A. 
All measurements were repeated at least once to ensure repeatability of the data. 
Measurements were also conducted at varying flow rates to ensure that all measurements 
were in the diffusion-controlled regime. Sufficiently high equilibration time (>2 R2/D) was 
allowed in all the ZLC experiments.82 The long time analysis was used for all cyclohexane 
data due to the reliability of the method for large values of L. For 1-methylnaphthalene 
diffusion, the short time analysis was selected due to strong adsorption of the sorbate and 
baseline effects. Nevertheless, when possible, the results using both types of analyses were 
compared and found to agree well. 
2.3. Results and discussion 
The small-angle X-ray diffraction (XRD) patterns for the three samples are shown in 
Figure 2.3Figure a-c indicate the presence of highly ordered mesoporosity in the samples 
of MCM-41, SBA-15 and 3DOm-i silicalite-1 respectively. MCM-41 and the three SBA-
15 samples clearly show (100), (110) and (200) reflections of a P6mm (two-dimensional 
hexagonal) lattice with differing unit cell sizes due to differences in their mesopore size as 
well as pore wall thicknesses. The reflections of the face-centered cubic (fcc) lattice of 
3DOm-i silicalite-1 are seen in Figure 2.3c. The highly crystalline nature of the silicalite-
1 zeolite in the sample is clear from the wide-angle XRD pattern in Figure 2.3d.  
SEM images of three SBA-15 samples showing the rod-like morphology can be seen 
in Figure 2.4a-c. The ordered arrangement of the mesopores on the particle surface is 
visible and marked using red lines in the insets of these images. The egg-shaped 
morphology of MCM-41 is seen in Figure 2.4d. The SBA-15 rods and MCM-41 samples 
are all of a similar size with small variations in width and length. SEM images of 3DOm-i 
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silicalite-1 at different size scales are shown in Figure 2.4e,f. The particle size of the 
3DOm-i silicalite-1 is 2−4 μm, similar to the SBA-15 particles. The image at the smaller 
size scale shows the ordered arrangement of spherical primary domains of silicalite-1 
zeolite.  
 
Figure 2.3 Small angle X-ray diffraction patterns for (a) MCM-41; (b) three SBA-15 
samples; and (c) 3DOm-i silicalite-1. (d) Wide angle X-ray diffraction pattern of 
3DOm-i silicalite-1 showing the crystalline structure. 
Nitrogen and argon adsorption isotherms for the materials used are shown in Figure 
2.5 and the textural properties measured are summarized in Table 2.1. Both N2 and Ar 
adsorption isotherms yield consistent results for the total pore volume. The pore size 
distributions were analyzed from the Ar adsorption isotherms using the NLDFT method. 
The mesoporous silica samples show much larger BET area compared to 3DOm-I 
silicalite-1, likely due to their large mesopore volumes. The mesopore sizes of the SBA-15 
samples range from 5.0 to 8.5 nm, close to that of 3DOm-i silicalite-1, and larger than the 




Figure 2.4 SEM images of (a) SBA-15 5 nm, (b) SBA-15 6.2 nm, (c) SBA-15 8.5 nm, 
(d) MCM-41, and (e, f) 3DOm-i silicalite-1. The inset images show further magnified 
regions for the three SBA-15 samples show the clearly visible mesopores on the 
surface (red lines). 
All three SBA-15 samples exhibited significant microporosity, while MCM-41 did 
not show any measurable microporosity. Figure 2.5c shows that the micropore size 
distributions of the SBA-15 samples are broader than that of 3DOm-i silicalite-1, which is 
consistent with what is expected for such samples. This is due to the formation mechanism 
of microporosity in SBA-15, which is significantly different from zeolites. The presence 
of micropores in SBA-15 has been ascribed to the use of a nonionic triblock copolymer 
type of surfactant (poly(ethylene oxide)m−poly(propylene oxide)n−poly(ethylene 
oxide)m) in the synthesis. An interpenetrating network of silica and ethylene oxide chains 
is thought to form in the mesopore walls during SBA-15 synthesis, leading to the formation 
of microporous structures on removal of the surfactant by calcination. Furthermore, it has 
also been demonstrated that some of the microporosity in SBA-15 might be generated from 
stress fractures during the calcination step.83 These micropores have been found to form 
direct connections between mesopores of SBA-15 with the help of studies using carbon 
and platinum replicas of SBA-15.84, 85 This results in a corona-type of pore structure with 
increasing density of silica from the pore surface towards the center of the pore wall, as 
indicated by neutron scattering studies of SBA-15.86, 87 The micropore volume of the three 
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SBA- 15 samples varied with the synthesis temperature, ranging from 0.03 to 0.10 cm3g-1 
(Table 2.1). The SBA-15 sample with the largest mesopore size (SBA-15 8.5 nm) exhibits 
the lowest micropore volume of the three, likely due to the reduced thickness of the pore 
wall. On the other hand, MCM-41 was synthesized using a cationic alkylammonium 
surfactant, leading to nonmicroporous silica walls.84, 88 The significantly thinner pore walls 
in MCM-41 (0.54 nm, Table 2.1) as compared to the SBA-15 samples (3.4 to 6.7 nm, Table 
2.1), likely lead to a reduced possibility of micropores forming on account of stress 
fractures during calcination.87 
 
Figure 2.5 (a) N2 adsorption isotherms at 77 K and (b) Ar adsorption isotherms at 87 
K for the samples used in this study. (c) Pore size distributions using the NLDFT 
model for Ar adsorbed in cylindrical pores of silica at 87 K. The N2 isotherms for 
SBA-15 6.2 nm, SBA-15 8.5 nm, MCM-41 and 3DOm-i silicalite-1 were shifted 350, 
550, 850, and 1450 cm3 g−1 respectively, while the Ar isotherms of SBA-15 6.2 nm, 
SBA-15 8.5 nm, and MCM-41 were shifted by 300, 600, and 1350 cm3 g−1 respectively. 
  Figure 2.6 depicts the ZLC desorption curves obtained for cyclohexane and 1-
methylnaphthalene diffusion in MCM-41. As expected, the diffusion of cyclohexane in 
MCM-41 is much faster than that of 1-methylnaphthalene. The D/R2 values for 
cyclohexane diffusion agreed well with those obtained in literature for similar-sized 
molecules, such as n-hexane and n-heptane, in MCM-41.53 For both probe molecules, the 
diffusivity is significantly lower (by 5−7 orders of magnitude) than theoretically calculated 
values for Knudsen diffusivity (Figure 2.6d), indicating that surface diffusion strongly 
dominates the mass transport of the probe molecules in MCM-41. As a result, the 
contribution of the Knudsen diffusion to the overall diffusion process is not significant 
since the molecules primarily undergo surface diffusion, consistent with observations by 
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Bhatia and co-workers.53 The significantly higher diffusion activation energy for 1-
methylnaphthalene as compared to cyclohexane further confirms the dominant role of 
surface diffusion (Table 2.2). This higher activation energy is likely due to stronger 
adsorption of 1-methylnaphthalene on the surface of MCM-41 compared to cyclohexane, 
on account of its larger molecular size and aromaticity.  
 
Table 2.1 Textural Properties of Materials Obtained from Ar Adsorption Isotherms 




Total pore volume 












SBA-15 5 nm 660.5 0.54 0.54 0.10 0.46 6.7c 
SBA-15 6.2 nm 577.9 0.60 0.64 0.09 0.54 4.4c 
SBA-15 8.5 nm 720.4 1.08 1.04 0.03 0.97 3.4c 
3DOm-i silicalite-1 343.4 0.26 0.31 0.17 0.07 35 
MCM-41d 759.9 0.77 0.77 0 0.77 0.54c 
aCumulative pore volume by NLDFT up to pore size of 2 nm. bCumulative pore volume by NLDFT 
between pore sizes of 2 and 10 nm. cPore wall thickness = d-spacing − pore size; d-spacing was calculated 
from the X-ray diffraction data. dData for MCM-41 obtained from nitrogen adsorption isotherm. 
 
Table 2.2 Activation energies obtained from the Arrhenius plots of the measured 
diffusivity data 
Sample 
Activation Energy (kJ mol-1) 
cyclohexane 1-methylnaphthalene 
SBA-15 5 nm 51.9 74.9 
SBA-15 6.2 nm 44.2 71.7 
SBA-15 8.5 nm 42.0 67.6 
3DOm-i silicalite-1 47.5 37.1 





Figure 2.6 ZLC desorption curves for (a) cyclohexane and (b) 1-methylnaphthalene 
in MCM-41. (c) Plot of c/c0 vs 1/t0.5 showing short time analysis regime for 1-
methylnaphthalene data. (d) Arrhenius plot showing the corresponding derived 
diffusivities for cyclohexane (red circles) and 1-methylnaphthalene (green triangles), 
compared with theoretically calculated Knudsen diffusivities (red – cyclohexane, 
green – 1-methylnaphthalene) under identical conditions. 
 
ZLC desorption curves for the diffusion of cyclohexane and 1-methylnaphthalene in 
the three SBA-15 samples are shown in Figure 2.7. The corresponding values of D/R2 at 
different temperatures in Figure 2.8 show that the diffusion of both cyclohexane and 1-
methylnaphthalene in all three samples of SBA-15 is slower than that in MCM-41 even 
though the mesopore sizes of SBA-15 are much larger than MCM-41, reiterating the result 
that contribution from Knudsen diffusion is not significant in these systems at low 
molecular coverage. Since the particle sizes of MCM-41 and the different SBA-15 samples 
are similar, it allows us to compare the D/R2 values directly to understand diffusivities, 




Figure 2.7 ZLC desorption curves for (a) cyclohexane, (b) 1-methylnaphthalene 
diffusion in all SBA-15 samples, and (c) corresponding graphs showing short time 
analysis regions for the 1-methylnaphthalene diffusion cases. 
D/R2 values for cyclohexane diffusion in the three SBA-15 samples are 1-2 orders of 
magnitude lower than that in MCM-41 (Figure 2.8a), with significantly higher activation 
energies as compared to cyclohexane diffusion in MCM-41 (Table 2.2), strongly indicating 
that the governing diffusion mechanism in SBA-15 is different (configurational diffusion) 
from the surface diffusion-dominant case of MCM-41. However, the D/R2 values for 
cyclohexane diffusion in SBA-15 are themselves significantly different in the three 
samples. This is because the three samples have differing extents of microporosity (Figure 
2.5, Table 2.1) similar to the observation of cumene and mesitylene diffusion in different 
samples of SBA-15 reported by Hoang et al.89  
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Figure 2.8b shows that the measured D/R2 values for 1-methylnaphthalene in the 
three SBA-15 samples and MCM-41 follows the same trend as in the case of cyclohexane. 
Additionally, the diffusion activation energies for 1-methylnaphthalene diffusion are 
significantly higher for SBA-15 samples than MCM-41 (Table 2.2). Just as in the case of 
cyclohexane, the above observations strongly support that the diffusion mechanism for 1-
methylnaphthalene diffusion in SBA-15 is different (configurational diffusion) than the 
surface diffusion-dominated case of MCM-41. Further, the D/R2 values for 1-
methylnaphthalene in the three samples are not the same probably due to the differing 
extents of microporosity in them (Table 2.1).  
 
Figure 2.8 Arrhenius plot showing D/R2(s−1) values for (a) cyclohexane and (b) 1-
methylnaphthalene diffusion in all SBA-15 samples (black: SBA-15 8.5 nm; green: 
SBA-15 6.2 nm; and blue: SBA-15 5 nm), compared against corresponding values 
obtained for MCM-41 (red). 
ZLC desorption curves and the corresponding D/R2 values for the diffusion of 
cyclohexane in 3DOm-i silicalite-1 are shown in Figure 2.9a and d respectively. These 
values are much lower than those for MCM-41 and show a significantly higher activation 
energy (Table 2.2) as well, strongly indicative of a different diffusion mechanism 
(configurational diffusion) for cyclohexane in 3DOm-i silicalite-1 than in MCM-41. Thus, 
neither Knudsen diffusion nor surface diffusion would contribute significantly to the 
overall diffusion process of cyclohexane in the hierarchical zeolite. However, the D/R2 
values for cyclohexane in 3DOm-i silicalite-1 and SBA-15 are very different although the 
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diffusion mechanism is not, likely due to higher microporosity as well as the very narrow 
size distribution of micropores in the hierarchical zeolite.  
 
Figure 2.9 ZLC desorption curves for (a) cyclohexane and (b) 1-methylnaphthalene 
and (c) corresponding short time analysis fits for 1-methylnaphthalene diffusion in 
3DOm-i silicalite-1. (d) Arrhenius plot for diffusion of cyclohexane (cyan circles) in 
3DOm-i silicalite-1, compared with MCM-41 (red circles), SBA-15 5 nm (blue circles), 
SBA-15 6.2 nm (green circles), and SBA-15 8.5 nm (black circles). (e) Arrhenius plot 
for diffusion of 1-methylnaphthalene (cyan triangles) in 3DOm-i silicalite-1, 
compared with that in MCM-41 (red triangles), SBA-15 5 nm (blue triangles), SBA-
15 6.2 nm (green triangles), and SBA-15 8.5 nm (black triangles). 
Figure 2.9b and d show the ZLC desorption curves and corresponding D/R2 values 
for 1-methylnaphthalene diffusion in 3DOm-i silicalite-1 respectively. These values are 
similar to those for 1-methylnaphthalene diffusion in MCM-41 and much higher than the 
SBA-15 samples, indicating that surface diffusion dominates the diffusion process. 
However, the activation energy for diffusion of 1-methylnaphthalene in 3DOm-i silicalite-
1 is much lower than that for MCM-41 though the governing diffusion mechanism is the 
same, likely due to the varying density on the surface of the two materials. Due to the 
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microporosity and crystalline nature, the zeolite would be expected to have significantly 
lower silanol density at the surface as compared to MCM-41 resulting in weaker 
interactions with the sorbate and hence, lower activation energy.  
The results obtained from this study demonstrate that molecular transport in 
hierarchical porous materials is closely related to the interactions between the sorbate and 
sorbent. Since MCM-41 is a mesoporous material without microporosity, the transport of 
cyclohexane and 1-methylnaphthalene is dominated by the strongest sorbate-sorbent 
interaction mechanism viz. surface diffusion. Although Knudsen diffusion could 
potentially occur, the diffusing molecules spend most of the time undergoing the much 
slower surface diffusion process which becomes the rate-limiting transport step. This is 
also true for 1-methylnaphthalene in 3DOm-i silicalite-1 since the probe molecule cannot 
enter the micropores of the material, thus leading to surface diffusion becoming dominant 
once again on account of the strongest sorbate-sorbent interaction (adsorption on surface). 
Similarly, when the sorbate molecule is small enough to enter the micropores of the 
substrates (e.g., cyclohexane in SBA-15 and 3DOm-i silicalite-1, and 1-methylnaphthalene 
in SBA-15), the dominant diffusion mechanism is configurational diffusion because 
adsorption in micropores is the strongest sorbate-sorbent interaction possible. In these 
cases, while both surface diffusion and Knudsen diffusion could occur, they are too fast to 
observe and the rate-limiting mass transport phenomenon is configurational diffusion. 
Among the SBA-15 samples, diffusion of both cyclohexane and 1-
methylnaphthalene is governed by configurational diffusion; however, the SBA-15 sample 
with the least micropore volume (SBA-15 8.5 nm) shows the fastest diffusivities and the 
one with highest microporosity (SBA-15 5 nm) shows the lower diffusivities of the three. 
In the case of cyclohexane, this observation also extends to the case of 3DOm-i silicalite-
1 which has the highest micropore volume of all the samples. This will be revisited later in 
this section. 1-Methylnaphthalene diffusion in the SBA-15 5 nm and SBA-15 6.2 nm shows 
similar rates despite the total micropore volume of both samples being different from one 
another. This is because the volume of micropores greater than 0.79 nm (kinetic diameter 
of 1-methylnaphthalene molecule) which are the micropores that can accommodate 1-
methylnaphthalene is similar. Interestingly, when the temperature range for diffusion 
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measurements was extended above 403 K (1000/T = 2.48), two different kinetic regimes 
were observed for 1-methylnaphthalene diffusion in all the SBA-15 samples (Figure 2.10). 
This provides further evidence that both surface diffusion and configurational diffusion 
mechanisms are occurring. At lower temperatures, since the molecules do not have high 
energy, this leads to configurational diffusion dominating the overall mass transport. 
However, when the temperature is sufficiently high, the high external surface present in 
these hierarchical materials leads to surface diffusion becoming the dominant transport 
mechanism when sufficient molecules have the energy required to overcome the strong 
sorbate-sorbent interaction of the micropores. Such conditions would cause a shift in the 
dominant mass transport mechanism to surface diffusion. This is further supported by the 
fact that the activation energy at the higher temperatures (left side of Figure 2.10) is close 
to the activation energy of the surface diffusion-dominated 1-methylnaphthalene diffusion 
in MCM-41. This is the first observation of two different kinetic regimes of diffusion in a 
single porous sorbate−sorbent system to the best knowledge of the author. This observation 
of two mass transport regimes also implies that adequate care must be taken when 
measuring diffusivities for hierarchical materials where a significant proportion of the 
surface area is from the external surface.  
The diffusivity (D) of cyclohexane in 3 μm silicalite-1 was also measured to better 
understand the configurational diffusion dominated diffusion of cyclohexane in 3DOm-i 
silicalite-1. This value of diffusivity in 3 μm silicalite-1 was used to calculate the diffusion 
length (R) of cyclohexane in 3DOm-i silicalite-1 (Table 2.3) by assuming that the 
diffusivity in both the materials is the same, a reasonable assumption considering the 
micropore structure of both the materials is the same due to the MFI framework structure 
of silicalite-1 zeolite. This calculation shows a clear difference of more than 3 orders of 
magnitude between the calculated diffusion length (∼60−120 μm) and the pore wall half-
thickness (17.5 nm) of 3DOm-i silicalite-1. This large difference suggests that the actual 
diffusion length of cyclohexane in 3DOm-i silicalite-1 is not dictated by the primary 




Figure 2.10 Observation of temperature-dependent regimes in the diffusion of 1-
methylnaphthalene in different SBA-15 samples. 
 
Table 2.3 Effective diffusion lengths as calculated for cyclohexane diffusion in all 





70 9.22 E+04 
90 6.98 E+04 
110 5.45 E+04 
130 4.02 E+04 
 
A different approach to consider the same data would be to calculate the apparent 
diffusivity of cyclohexane in these materials using the characteristic diffusion length in 
each sample. Two physical values may be used to represent the diffusion length (R) as 
shown in Figure 2.2: (i) Rwall or the pore wall half-thickness, which represents the radius 
of individual primary domains in 3DOm-i silicalite-1 and pore wall half-thickness in SBA-
15; and (ii) Rpart, or the particle radius. Figure 2.11a compares the apparent diffusivities in 
3DOm-i silicalite-1 calculated by these two methods with that in 3.0 μm silicalite-1. When 
Rwall is used, the diffusivities of the two silicalite-1 materials are far apart. However, when 
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Rpart is used, these values are much closer together suggesting a significantly longer than 
expected diffusion length.  
 
Figure 2.11 Apparent diffusivities in 3DOm-i silicalite-1 (a) and SBA-15 8.5 nm (b) 
calculated using R as the particle size, Rpart and pore wall half-thickness, Rwall. The 
experimentally measured values for diffusivities in 3 μm silicalite-1 are also included 
for comparison. (c) Visualization of diffusion in the three types of materials under the 
conditions investigated. 
An “effective diffusion length” based mechanism is proposed to explain this 
difference. This mechanism may be visualized as follows: a molecule travelling through a 
micropore can escape from the pore mouth by one of two mechanisms - surface diffusion 
(either on the mesopore surface or external surface of the particle) or by Knudsen diffusion 
(in the mesopore). Based on the strength of the sorbate-sorbent interaction, surface 
diffusion is favored; while undergoing surface diffusion, there is a high probability that the 
molecule eventually encounters the mouth of another micropore. One again, the stronger 
sorbate-sorbent interaction in the micropores would lead to the molecule most likely 
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entering this micropore. As this process repeats itself a number of times, the diffusion 
length would become much higher than the value of micropore length. This leads to 
effective diffusion lengths that are much larger than the radius of individual micropores 
(17.5 nm for 3DOm-i silicalite-1). The high proportion of external surface area in the 
hierarchical porous materials leads to such a mechanism being favored. The probability of 
reuptake into the micropores would also depend on the extent of microporosity of the 
samples. A higher density of micropores would lead to an increased likelihood of reuptake 
and thus, an increased effective diffusion length. This explains the observation of varying 
values of D/R2 in SBA-15 samples with varying microporosity, as seen in this study (Figure 
2.8) as well as others.89  
Another system where this would be possible is zeolite nanoparticles which also have 
a high proportion of external surface in comparison to the internal micropore surface area. 
This could explain the observation of slower than expected diffusion in zeolite 
nanoparticles as well. The concept of “surface barrier” has been widely used in literature 
to explain this variation of diffusivity between different particle sizes of zeolite and other 
porous materials.12, 73, 74, 90-93 Surface barrier is a generic term used to explain different 
types of resistances to molecular transport occurring at the mouth of the pore due to 
structural aspects such as pore narrowing or pore blockage. The calculation of effective 
diffusion length in this work assumes such structural resistances are absent, which may not 
be true in practice. Recent work has suggested that the structural surface barrier 
mechanisms alone cannot entirely account for the observed variation in diffusivity.79 The 
“effective diffusion length” mechanism proposed here represents a “non-structural” 
surface barrier mechanism, involving reuptake into micropores with an intermediate 
surface diffusion step, which can account for these differences between theory and practice. 
Such observations in a ZLC system which consists of a thin bed of particles with a high 
airflow, also imply that the common assumption of zero reuptake of sorbate during 
diffusion measurements needs to be critically assessed. This is not the case as molecules 
adsorbed into the mesopores/micropores form lower energy states, which means that the 
molecules need sufficient energy to escape into the higher energy bulk state. The time 
molecules reside in the particle randomly moving through the micropores and mesopore 
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surface results in an “effective diffusion length” that is significantly larger than the 
characteristic length. This phenomenon is caused due to the thermodynamics of adsorption 
phenomena as well as the inherent randomness of diffusion.  
Unfortunately, the effective diffusion length is not immediately obvious upon 
inspection/characterization of particles and can currently be determined only 
computationally79 or experimentally by the approaches taken herein. The difficulty in 
elucidating the actual diffusion path length taken by molecules in real, complex particles 
means that quantification of molecular transport by different techniques (e.g., ZLC and 
frequency response) will be limited by the lack of knowledge of the contributions of 
configurational, surface, or Knudsen diffusion. In other words, simple single-measurement 
(“one-point”) characterization of transport in hierarchical materials is not feasible.  
 
Figure 2.12 Diffusion-based selectivities of cyclohexane over 1-methylnaphthalene at 
383 K in the different porous materials used in this study, as compared to calculated 
theoretical Knudsen selectivity. The value for cyclohexane in MCM-41 was obtained 
by extrapolation.  
Interestingly, if one assumes that competitive adsorption effects are not unfavorable, 
the rates of mass transport of molecules evaluated in this work are sufficiently different 
that diffusion-based gas separations might be feasible using such materials. The diffusion-
based “selectivity” has been calculated as a ratio of the measured D/R2 values and shown 
in Figure 2.12. The molecular sieving effect of 3DOm-i silicalite-1 leads to the bigger 
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molecule (1-methylnaphthalene) diffusing faster than the smaller one (cyclohexane). On 
the other hand, when the dominant diffusion mechanism for both molecules is the same, 
cyclohexane diffusion is favored over 1-methylnaphthalene. Among the three SBA-15 
samples, the sample with the lowest micropore volume among the three (SBA-15 8.5 nm) 
shows an almost 4-fold improvement in selectivity compared to the one with highest 
micropore volume, showing that hierarchical materials can be carefully designed to greatly 
enhance the diffusion selectivity as desired. 
In summary, the ZLC chromatography technique was used to study the diffusion of 
cyclohexane and 1-methylnaphthalene in both hierarchical (SBA-15 and 3DOm-i silicalite-
1) and conventional (MCM-41 and silicalite-1) types of porous materials. It was observed 
that the strongest possible sorbate−sorbent interaction governs the diffusion mechanism. 
Similar thermodynamic drivers are proposed to cause the existence of an effective diffusion 
length which is significantly higher than a characteristic diffusion length determined from 
the physical structure of the materials. These long diffusion lengths are likely due to 
molecules exiting a micropore going through an intermediate surface step, thus causing the 
molecules diffusing on the mesopore or external surface to re-enter into other micropores 
before undergoing desorption. This effective diffusion length, coupled with previously 
proposed structural surface barrier mechanisms such as pore blockage or pore narrowing, 
could account for the significantly low diffusivities observed in the hierarchical porous 
materials due to their high external surface area. The existence of such a nonstructural 
surface barrier implies that there may be an upper bound for the enhancement of mass 
transport by size reduction or the use of hierarchical materials even if the structural surface 
barriers are eliminated by employing different synthetic strategies. The observation of a 
wide range of diffusivities for the two probe molecules in the different materials 
investigated in this study gives further insights into the rational design of hierarchical 
porous materials. Such materials can be potentially used in gas separations based purely on 






DEVELOPMENT OF FLUORIDE-FREE ROUTES FOR SILICEOUS 
ZEOLITE SYNTHESIS 
3.1. Background 
Siliceous zeolites possess unique properties such as high hydrothermal and chemical 
stability, hydrophobicity and low dielectric constant which make them ideally suited for 
emerging applications in gas separations, drug delivery, sensors and as the next generation 
of low-k dielectric materials.94, 95 Considerable attention has been given to the synthesis of 
aluminosilicate zeolites in recent years.1, 3, 96-98 However, the synthesis of siliceous zeolites 
remains a grand challenge – of the 239 zeolite frameworks recognized by the International 
Zeolite Association - Structure Commission (IZA-SC), less than 50 have been made in 
siliceous form.  
All the recognized zeolite structures based on the IZA-SC database are summarized 
in Appendix E. A more detailed summary on siliceous zeolites is presented in Table 3.5 
and Table 3.6, but that will be discussed later. According to it, while only about 49 zeolites 
have been synthesized in siliceous form to date, a total of 86 zeolite structures have been 
synthesized in aluminosilicate form so far. Including the 10 natural aluminosilicate zeolites 
that have not yet been synthesized takes the total number of known aluminosilicate zeolite 
frameworks to 96. The rest of the structures contain other T atoms such as phosphorus, 
germanium, boron, cobalt, gallium and beryllium. This indicates that it is relatively easier 
to synthesize an aluminosilicate zeolite as compared to a siliceous zeolite. This is probably 
because the introduction of aluminium in the zeolite framework allows for a greater range 
of bond angles thus reducing lattice strain. From the data in Appendix E, one can observe 
that only about 65 zeolite framework structures have been synthesized in 
aluminophosphate (AlPO) / silicoaluminophosphate (SAPO) form which is significantly 
less than the number of aluminosilicate zeolite structures. This points to the role of factors 
other than lattice strain such as charge balancing in determining the stability of a certain 





Figure 3.1 (a) Schematic showing the various steps in the DGC synthesis process, and 
(b) details of setup used for SAC (Steam-Assisted Crystallization). 
Siliceous zeolites have been synthesized by conventional hydrothermal synthesis 
with and without using hydrogen fluoride,17, 99-103 post-synthesis modifications,19, 104 water-
free solvothermal synthesis,105 solvent-free synthesis106 and the dry gel conversion (DGC) 
methods.107 Among these methods, conventional hydrothermal synthesis using fluoride has 
achieved the most success in the synthesis of siliceous zeolites. More than 90% of siliceous 
zeolites have been synthesized using the fluoride-mediated method. The success of the 
fluoride-mediated method in the synthesis of siliceous zeolites has been attributed to the 
charge-balancing effect of the fluoride anions in the synthesis which balance the positive 
charges of the organic structure-directing agent (OSDA) cations. In contrast, the lack of 
such an anion in fluoride-free syntheses leads to the formation of significant structural 
defects.108, 109 This is not true for aluminosilicate zeolites since every tetrahedral aluminium 
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atom brings a negative charge to the zeolite framework, thus eliminating the need for a 
structural defect for the sole purpose of charge balancing during synthesis. Consequently, 
fluoride is not necessary for the synthesis of a majority of the known aluminosilicate zeolite 
structures, as opposed to siliceous zeolites where fluoride has been shown to be 
indispensable in the synthesis of a majority of structures.  
The crystallization of siliceous zeolites in fluoride media has been extensively 
studied in recent years. The roles of fluoride, water, OSDA and other critical parameters 
have been addressed to synthesize new zeolite structures and control the crystallization 
process.110, 111 While indispensable as a synthetic tool, the use of fluorides, in particular 
hydrogen fluoride (HF), for practical applications of zeolites poses significant challenges 
as it would require the use of expensive equipment resistant to HF corrosion, thus hindering 
their use in practice. The additional process safety-related risks would only serve to further 
deter practical applications of the method. Due to these reasons, it is important to develop 
fluoride-free routes for the synthesis of siliceous zeolites, which not only allow 
environmentally friendly synthesis of zeolites, but also control over the zeolite framework 
and composition. 
The dry gel conversion (DGC) technique for the synthesis of zeolites and related 
materials was introduced by Matsukata and coworkers.107, 112 It involves drying of a 
synthesis sol to a low water condition (H2O/Si mole ratios of 0.5-2) followed by steam-
assisted crystallization (SAC) of the dry gel (Figure 3.1). This technique was first used to 
synthesize high-silica BEA zeolites. Subsequent work has shown that this technique is 
applicable to other zeolites containing framework-substituted heteroatoms (Ti, B, Ga, Sn, 
Fe), as well as their pure silica forms.113-118 Due to the low solvent requirement, this method 
tends to produce zeolites with higher yield as compared to conventional hydrothermal 
syntheses. The closely related vapor phase transport (VPT) method was first developed 
with the goal of reducing the consumption of OSDA used in zeolite synthesis and has since 
been used to synthesize a number of zeolites.107, 118 The difference between the two 
methods is that in the VPT method, the OSDA is the volatile component while in the SAC 
method, water is the volatile component.96, 107, 118  While the DGC method is promising, 
the range of zeolite frameworks that can be synthesized using the DGC-SAC and DGC-
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VPT methods is still limited; partly because the zeolite crystallization mechanism under 
the highly dense state remains elusive. This low-water condition is similar to the so-called 
‘solvent-free’ syntheses,106 where the contribution of the humid atmosphere is known to be 
important. 
Herein, we report the synthesis of AMH-4 (fluoride-free siliceous CHA zeolite), 
AMH-5 (fluoride-free siliceous STT zeolite) and siliceous forms of *BEA, MFI and *MRE 
frameworks using the DGC-SAC method. To the best of our knowledge, this is the first 
time that the synthesis of siliceous CHA and STT zeolites have been reported under 
fluoride-free conditions. 29Si MAS NMR, TGA, ICP and other characterization techniques 
were used to understand the synthesis mechanism in the DGC-SAC method. With new 
insights into the roles of inorganic cation, organic cation and defects on the crystallization 
process, the “OSDA charge/silica ratio” of as-made siliceous zeolites is proposed to be a 
determinant of the success of different fluoride-free synthesis approaches. Based on this 
parameter, we show that the DGC-SAC method has the potential to expand the scope for 
fluoride-free synthesis of siliceous zeolites. 
3.2. Experimental details 
3.2.1. Materials 
N, N, N-trimethyl adamantylammonium hydroxide (TMAdaOH, 25wt% aqueous 
solution, Zeogen CHA) and tetraethylammonium hydroxide (TEAOH, 35wt% aqueous 
solution, Zeogen SDA 440) were provided by Sachem Inc. Sodium hydroxide pellets (ACS 
reagent grade) were purchased from Fisher Scientific. Sodium nitrate (99%+), ammonium 
nitrate (Puratonic®, 99.999% trace metals basis), lithium hydroxide (anhydrous, 98%), 
hexamethonium bromide (HMB, 98+%), hydrofluoric acid (HF, 48-51% aq.) and 
tetraethoxysilane (TEOS, 99.9%) were purchased from Alfa Aesar. Fumed silica (Cab-O-
Sil M5) was purchased from Cabot. Ludox HS-30 colloidal silica (30 wt% suspension in 
water), Ludox HS-40 colloidal silica (40 wt% suspension in water), aluminum 




3.2.2. Synthesis of AMH-4 and AMH-5 zeolites 
The synthesis of AMH-4 (Si-CHA) zeolite by the steam-assisted crystallization (SAC) of 
a dry gel was inspired by previously published work on the fluoride-free synthesis of high-
silica *BEA zeolite.119 In a typical synthesis, 0.20 g of deionized (DI) water, 0.11 g of 10 
M NaOH solution and 5.67 g of 25 wt% aq. TMAdaOH were mixed well in a 50 mL 
centrifuge tube, followed by the addition of 1.66 g of TEOS. After stirring for 3 h at room 
temperature, the centrifuge tube was stirred at 350 rpm for 16 h in an oil bath maintained 
at 363 K. The clear solution was dried by continuing stirring at 363 K for another 24 h after 
opening the tube. The formed hard cake (dry gel) was then ground to a fine powder. The 
final composition of this dry gel is 1.00 SiO2 : 0.84 TMAdaOH : 0.10 NaOH : 1.80-2.50 
H2O. Variations of the synthesis conditions have been described in Table 3.1. SAC of the 
dry gel was done as follows: 0.20 g of the dry gel was transferred to a stainless-steel 
autoclave with a PTFE-liner and 0.10 mL of DI water was added to a custom made pre-
cleaned PTFE vial (~5 mL capacity). The vial with the water was carefully placed in the 
autoclave such that the dry gel does not contact with the liquid water. The sealed autoclave 
was maintained at 433 K in an oven for 15 d. This arrangement ensures that the dry gel 
only interacts with water vapor at high temperature. After crystallization, the as-made 
sample was washed with DI water (until pH <8), centrifuged and dried at 343 K. For ion 
exchange, 0.25 g of the as-made sample was mixed with 25 mL of 1 M ammonium nitrate 
solution and stirred for 2 h at 353 K. The zeolite was recovered by centrifugation, and this 
process is repeated four more times. The resultant sample was dried at 343 K, and then 
ground and calcined. 
AMH-4 zeolite was also synthesized by using ammonium nitrate in place of sodium 
hydroxide. This synthesis was done by following the same procedure as above, with two 
changes: (i) ammonium nitrate is added in place of sodium hydroxide, and (ii) a small 
quantity (4 wt% with respect to silica content) of seed zeolite (calcined Si-CHA prepared 
by the fluoride-mediated method or Si-CHA-HF) is added after the 3 h stirring step. 
Additional details are provided in Table 3.1. The final composition of the dry gel was 1.00 
SiO2 : 0.89 TMAdaOH : 0.15 NH4NO3 : 1.50-2.20 H2O, assuming that the weight loss was 
entirely from water vapor. In practice, however, some of the weight might be lost as 
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ammonia vapors. The sample synthesized by this method was directly calcined without ion 
exchange.  
 








DI water used 
with 0.2 g dry 
gel in SAC 
Product phase 
OSDA/Si M/Si 
1 TMAdaOH NaOH 0.84 0.10 0.1 mL AMH-4 
2 TMAdaOH NaOH 0.84 0.10 0.5 mL AMH-5 
3 TMAdaOH -- 0.94 0 0.1 mL Am[b] 
4 TMAdaOH NaOH 0.75 0.10 0.1 mL AMH-4 
5 TMAdaOH NaOH 0.50 0.35 0.1 mL AMH-4 
6 TMAdaOH NaNO3 0.94 0.10 0.1 mL AMH-4 
7 TMAdaOH NH4NO3 0.89 0.15 0.1 mL AMH-4 
8 TMAdaOH NH4NO3 0.89 0.15 0.5 mL AMH-5 
9 TMAdaOH LiOH 0.94 0.10 0.1 mL Unknown phase 
10 TMAdaOH LiOH 0.94 0.10 0.5 mL AMH-5 
11 TMAdaOH KOH 0.94 0.10 0.1 mL Am[b] 
12 TMAdaOH KOH 0.94 0.10 0.5 mL Am[b] + AMH-5 
13 TMAdaOH CsNO3 0.94 0.10 0.1 mL Am[b] 
14 TMAdaOH CsNO3 0.94 0.10 0.5 mL Am[b] 
15 TEAOH NaOH 0.42 0.07 0.1 mL *BEA 
16 TEAOH NaOH 0.42 0.07 0.5 mL MFI 
17 TEAOH -- 0.49 0 0.1 mL Am 
18 TEAOH NH4NO3 0.48 0.10 0.1 mL *BEA 
19 TEAOH NH4NO3 0.48 0.10 0.5 mL MFI 
20 HMB LiOH 0.28 0.56 0.2 mL *MRE 
[a] OSDAs used – TMAdaOH: N, N, N – Trimethyl adamantammonium hydroxide; TEAOH – 
Tetraethylammonium hydroxide; HMB – Hexamethonium bromide. [b] Am – amorphous product. 
 
The synthesis of AMH-5 (Si-STT) zeolite was performed in the same manner as the 
fluoride-free synthesis of AMH-4, except that 0.50 mL of DI water was added to the PTFE 
vial instead of 0.10 mL during the SAC step (Details in Table 3.1). 
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3.2.3. Synthesis of *BEA and MFI framework zeolites 
The synthesis procedure used for siliceous *BEA (Si-BEA) zeolite is similar to the 
synthesis of AMH-4. A seed solution of dealuminated zeolite BEA was prepared by a 
method reported in our previous work.115 A typical batch of fluoride-free Si-BEA was 
synthesized as follows. In a plastic beaker, 0.045 g of sodium hydroxide (Fisher, ACS 
reagent grade) was added into 13.90 g of DI water. 3.09 g of 35 wt% aq. Tetraethyl 
ammonium hydroxide solution (TEAOH, Sachem) was added, followed by the addition of 
1.00 g of fumed silica (Cab-O-Sil M5) in three equal lots while stirring. After stirring this 
mixture for 1 h, the seed solution prepared earlier was added if required, such that the 
weight of the seed zeolite was 0.040 g. The addition of seed zeolite was not found to be 
necessary but sped up the crystallization process when added. The beaker was then stirred 
at 400 rpm for 24 h, in an oil bath maintained at 353 K. As the water evaporated, a hard 
cake (dry gel) was formed. The final composition of this dry gel was 1.00 SiO2 : 0.42 
TEAOH : 0.07 NaOH : 1.50-2.00 H2O. The dry gel was finely ground and subjected to 
SAC with 0.20 g of dry gel and 0.10 mL of DI water. The sealed autoclave was placed in 
an oven maintained at 413 K for 5 d. The same washing and ion exchange procedure was 
followed, as was done for AMH-4. The resultant sample was dried at 343 K, and then 
ground and calcined.  
The synthesis of Si-BEA using ammonium nitrate followed the same procedure as 
above, except that ammonium nitrate was added in place of sodium hydroxide (Table 3.1). 
The concentration of OSDA was increased to maintain the same total OH- concentration 
as earlier, and the addition of dealuminated zeolite BEA seed was necessary for this 
synthesis. The final composition of the dry gel in this case was 1.00 SiO2 : 0.42 TEAOH : 
0.10 NH4NO3 : 1.50-2.20 H2O. Si-BEA synthesized using ammonium nitrate was directly 
calcined without ion exchange. 
The fluoride-free synthesis of siliceous MFI (Si-MFI) zeolite was performed in the 
same manner as the fluoride-free synthesis of Si-BEA, except that 0.50 mL of DI water 
was added to the vial instead of 0.10 mL during the SAC step. Under this condition, Si-
MFI was obtained even when Si-BEA seed was used.  
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3.2.4. Synthesis of *MRE framework zeolite 
The fluoride-free synthesis of siliceous *MRE (Si-MRE) zeolite was done by the 
SAC of a dry gel made using hexamethonium Bromide (HMB) as the OSDA and lithium 
hydroxide as the inorganic cation source. In a 50 mL centrifuge tube, 0.19 g of lithium 
hydroxide was dissolved in 10.60 g of DI water, followed by the addition of 1.46 g of 
HMB. After stirring for 3 h at 363 K (using an oil bath) to ensure complete dissolution of 
the OSDA, 3.0 g of TEOS was added and stirring was continued in the sealed tube at 363 
K for 20 h. The solution was dried by opening the lid of the tube, and continuing stirring 
at 363 K for 27 h. As the water and ethanol evaporated, the dry gel formed with a final 
composition of 1.00 SiO2 : 0.28 HMB : 0.56 LiOH : 0.80-1.50 H2O. The dry gel was finely 
ground and subjected to SAC (as described earlier) using 0.25 g of powdered dry gel 
powder and 0.50 mL of DI water. The sealed autoclave was placed in an oven at 448 K for 
10 d. After crystallization, the as-made sample was washed with DI water (until pH <8), 
centrifuged and dried at 343 K.  
All the synthesized zeolites were calcined in a tube furnace at 823 K with a 
temperature ramp rate of 1 K/min in flowing dry air. While AMH-4, AMH-5 and Si-MRE 
were calcined for 24 h, 12 h was found to be sufficient for the calcination of Si-BEA and 
Si-MFI zeolites. 
3.2.5. Synthesis of Si-CHA reference sample (Si-CHA-HF) 
Si-CHA-HF was synthesized based on a previously published synthesis method.120 
26.36 g of TMAdaOH solution (25 wt.% in water) and 13.0 g TEOS were stirred overnight 
until most of the water and ethanol evaporated (target final H2O:SiO2 = 3.0). HF (48 wt.% 
in water) was added to the mixture which was homogenized and then transferred to a 
Teflon-lined stainless-steel autoclave. The final composition was 1.0 SiO2 : 0.50 HF : 0.50 
TMAdaOH : 3.05 H2O. The autoclave was placed in a 423 K oven under a rotation rate of 
20 rpm for 3 d. The product was filtered and washed with 1 L of DI water, and then dried 
in air in an oven at 343 K. The dried sample was calcined in flowing dry air in a tube 
furnace at 823 K for 24 h with a ramp rate of 1 K/min.  
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3.2.6. Materials characterization 
Samples were characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), nitrogen adsorption measurements, thermogravimetric analysis 
(TGA), inductively coupled plasma optical emission spectrometry (ICP-OES) and 29Si 
magic angle spinning (MAS) nuclear magnetic resonance (NMR) measurements. XRD 
measurements for the samples were done on a PANalytical X’Pert Pro diffractometer using 
Cu-Kα radiation generated at 45 kV and 40 mA with a step size of 0.016°. Scanning 
electron micrographs of the samples were collected using a FEI Magellan 400 XHR-SEM 
instrument equipped with a field-emission gun operated at 3.0 kV. The samples were 
sputter coated with platinum before imaging. Nitrogen adsorption isotherms at 77 K were 
measured on a Quantachrome Autosorb-iQ system after outgassing at 573 K until pressure 
rise in the test cell was less than 25 mTorr/min. TGA measurements were performed on a 
TA instruments SDT600 instrument. Samples (0.02-0.03 g) were placed in an alumina 
crucible and heated with a ramping rate of 10 K/min in a stream of dry air (Airgas). 29Si 
MAS NMR measurements were performed on a Bruker 600 MHz solid state NMR 
spectrometer using a 4 mm MAS probe. The spectral operating frequencies were 600.1 and 
119.2 MHz for 1H and 29Si nuclei respectively and the samples were spun at 5 kHz during 
the measurement. A recycle delay time of 100-500 s was found to be sufficient for most of 
the samples; the as-made pure silica zeolite samples synthesized by the DGC method with 
sodium hydroxide, however, required a recycle delay time of 2500 s for complete 
relaxation. The Si, Al, Na and Li contents of the zeolite samples were determined by ICP-
OES on a Perkin-Elmer Optima 8000DV spectrometer. 
3.3. Results and discussion 
Table 3.1 lists the representative conditions used for the synthesis of AMH-4, AMH-
5, Si-BEA, Si-MFI and Si-MRE zeolites using the DGC-SAC technique. As shown in 
Figure 3.1, the DGC-SAC technique involves aging of the synthesis solution prepared with 
the OSDA, inorganic cation source and silica source followed by drying to form a hard 
cake (dry gel). Specific OSDAs were used in the synthesis solution to direct the formation 
 40 
 
of desired zeolite frameworks. The inorganic cation source, which can be an inorganic base 
(such as NaOH, KOH or LiOH) or an inorganic salt (such as NaNO3 and CsNO3), is mainly 
used as a source of cations to balance the negative charges from the silanol groups (Figure 
3.11). This will be discussed in detail later. The drying process is a critical step for the 
DGC-SAC method. The H2O/Si ratios of 0.5 to 2 in the dry gel are much less than 
conventional zeolite syntheses in OH-media (10 < H2O/Si < 1000).97 During the steam 
assisted crystallization (SAC) step, wherein the dry gel is physically separated from the 
water, the water vaporizes to steam which in turn contacts with the dry gel and aids in the 
crystallization process.  
 
 
Figure 3.2 (a) X-ray diffraction (XRD) patterns, and (b) N2 adsorption isotherms, for 
different zeolites made by the DGC-SAC method. The XRD patterns are offset for 
AMH-5, Si-MRE, Si-MFI and AMH-4, and the isotherms for AMH-5, Si-MFI and 
AMH-4 are offset by 600 cm3g-1, 400 cm3g-1 and 200 cm3g-1 respectively for ease of 
understanding. 
XRD patterns, N2 adsorption isotherms and SEM images of the synthesized zeolites 
are shown in Figure 3.2 and Figure 3.3. For comparison, reference samples of the same 
zeolites were synthesized by conventional hydrothermal syntheses in fluoride media. N2 
adsorption isotherm data has been summarized for all samples in Table 3.2. The XRD and 
N2 adsorption data show that the siliceous zeolites synthesized by the DGC-SAC method 
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are of high crystallinity due to their high micropore volumes. SEM images show that the 
particle size distribution is relatively broad for the zeolites synthesized by this method. 
 
Figure 3.3 SEM images for different zeolites made by the DGC-SAC method. 
Highly crystalline AMH-4 zeolite was obtained in 15 days using the DGC-SAC 
method (Figure 3.2). To the best knowledge of the authors, this is the first report of Si-
CHA zeolite synthesized under fluoride-free conditions, and we designate it as AMH-4 
zeolite. The XRD patterns shown in Figure 3.4 depict the crystallization kinetics for AMH-
4. As time progresses, the amorphous silica phase decreases, accompanied by a 
corresponding increase in crystallinity of the AMH-4 phase. Diffraction peaks 
corresponding to AMH-4 were observed after 6 days of crystallization. Fully crystalline 
sample was obtained in 15 days. The crystallization rate is much slower than the fluoride-
mediated method which requires just 2 days for crystallization.120 In order to reduce the 
crystallization time, Si-CHA-HF seed was employed which helped reduce the 
crystallization time to 10 days. SEM images of AMH-4 show a relatively wide particle size 
distribution from 0.3 μm to 1 μm, consisting of mainly intergrown cubic crystals (Figure 
3.3). In contrast, the fluoride method produces large cubic crystals, greater than 3 μm in 
size. Textural data obtained from the N2 adsorption isotherms show that AMH-4 shows 
lower micropore volume than Si-CHA synthesized using HF (Table 3.2). In addition to 
higher defect density produced from the fluoride-free synthesis, as can be seen from the 
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29Si MAS NMR data (Figure 3.7, Figure 3.8, Table 3.3), another possible reason for this is 
the presence of Na in the pores of the AMH-4, which can reduce the micropore volume.  
 
Figure 3.4 XRD patterns showing the kinetics of crystallization of AMH-4 zeolite. The 
patterns are offset for ease of understanding. 
Table 3.2 Textural properties of the samples synthesized in this study as obtained 




volume by t-plot 
method 
(m2g-1) (cm3g-1) 
AMH-4 485 0.22 
Si-BEA-DGC 529 0.19 
Si-MFI-DGC 476 0.16 
AMH-5 346 0.12 
Si-CHA-HF 600 0.29 
Si-BEA-HF 539 0.22 
Si-MFI-HF 386 0.14 
Si-STT-HF[a] N.D.[b] 0.20 
[a] Data obtained from reference 95. [b] N.D. – Not Determined. 
 
The effect of different inorganic cations on the synthesis of AMH-4 was significant 
(Table 3.1). Addition of Na to the synthesis was found to be essential for the successful 
crystallization of AMH-4 as no crystalline phase was obtained without Na in 15 days (Run 
3). Both NaNO3 and NaOH were successfully used as the inorganic cation source in the 







synthesis of AMH-4 zeolite. It is interesting that AMH-4 zeolite could not be synthesized 
when Li, K and Cs were used in the synthesis as the inorganic cations (Table ).  
Si-BEA zeolite was successfully synthesized in 5 days using the DGC-SAC method 
(Si-BEA-DGC) as shown in Figure 3.2. It was found that addition of seed zeolite crystals 
can speed up this synthesis to 3 days. SEM images show that the DGC method produces 
crystals of sub-micron size, with a relatively wide distribution of particle sizes ranging 
from 0.1 to 0.6 μm (Figure 3.3) similar to the aluminosilicate and stannosilicate BEA 
zeolites produced by this method.115, 119 The particle size is smaller than that of siliceous 
BEA synthesized from conventional HF method. Textural analysis from N2 adsorption 
isotherms (Table 3.2) show that the Si-BEA-DGC has comparable micropore volume and 
BET area as Si-BEA synthesized by the conventional fluoride-mediated method (Si-BEA-
HF). This observation is consistent with previous reports from our group and others.115, 119, 
121 
Si-MFI zeolite was synthesized using the same dry gel as Si-BEA when higher 
amount of water was used in the synthesis (Table 3.1). The same dry gel produced Si-MFI 
when more water was used during the crystallization step, even in the presence of Si-BEA 
seed crystals. This is interesting as the seed crystals were not able to direct the synthesis, 
when the water content was high and pure phase of Si-MFI was formed. In this synthesis, 
highly crystalline Si-MFI was formed in 5 days. It should be noted that Si-MFI has been 
synthesized with other OSDAs using fluoride-mediated as well as fluoride-free methods in 
the past.101, 121 The synthesis method for Si-MFI reported in this study highlights the critical 
role of water in the DGC method. 
XRD and textural (N2 adsorption) data shown in Figure 3.2 and Table 3.2 
demonstrate that Si-MFI synthesized by the fluoride-free method (Si-MFI-DGC) has 
comparable micropore volume and BET area as Si-MFI synthesized using HF (Si-MFI-
HF). As can be seen in Figure 3.3, the DGC method produces mainly large Si-MFI particles 
of sizes ranging from 1-10 μm in contrast to conventional hydrothermal fluoride-free and 
fluoride-mediated synthesis methods for Si-MFI which typically produce coffin-shaped 
particles. The size distribution of the zeolites synthesized using the DGC method is 




Figure 3.5 XRD patterns of (a) Si-BEA, (b) AMH-4, and (c) Si-MFI synthesized by 
DGC method in the as-made form, when directly calcined and calcined after ion 
exchange. The patterns are offset for ease of understanding. The extent of structural 
damage on direct calcination is the highest for BEA, more limited for CHA, and not 
significant for MFI zeolite. 
AMH-5 and Si-MRE zeolites were also successfully synthesized by the DGC-SAC 
technique. SEM images of the two zeolites in Figure 3.3 show that both AMH-5 and Si-
MRE have a plate-like morphology. However, AMH-5 shows a relatively wide size 
distribution from 0.3 μm up to 2 μm, whereas Si-MRE mostly consists of 1-4 μm sized 
crystals with a significant amount of twinning. This is the first reported fluoride-free 
synthesis of Si-STT zeolite to the best knowledge of the authors, and hence, we designate 
it as AMH-5 zeolite. As discussed in the experimental section, the synthesis of AMH-5 
was done with the same dry gel as for AMH-4 but with more water during crystallization, 
independent of whether or not seed crystals were added to the synthesis (Table 3.1). This 
is similar to the observation in the BEA-MFI system discussed earlier, where additional 
water directed the formation of a different zeolite phase, independent of whether or not 
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seed zeolite was used. However, AMH-5 showed lower micropore volume than reported 
data for the same zeolite synthesized using the fluoride-mediated method (Table 3.2).122 
Part of the reason for this difference might be that the alkali cation is still present in the 
zeolite and hence occupying part of the pore volume.  
Calcination of the as-made zeolites was found to have a distinct effect on the final 
structures of the zeolites depending on the framework structures of the zeolites (Figure 
3.5). The XRD studies show that there is structural damage on direct calcination of the 
zeolites and that the extent of this structural damage followed this trend: Si-BEA > AMH-
4 > Si-MFI. For Si-BEA, the entire zeolite structure collapses on calcination while for 
AMH-4, this effect is limited. In contrast, Si-MFI shows no noticeable structural damage 
on direct calcination. It was postulated that the differences in structural damage were due 
to the different extent of “charge vacancy defects” in these zeolites. This means that the as-
made Si-BEA has more defects than AMH-4 and Si-MFI which is confirmed by the NMR 
data shown later (Table 3.3 and Figure 3.7). Ogura and co-workers121 proposed that the 
structural collapse of Si-BEA-DGC on direct calcination was because of the presence of 
Na+ cations associated with the “charge vacancy defects” in the as-made zeolite structures. 
 
Figure 3.6 XRD results showing the effect of calcination on as-made Si-MRE and 
AMH-5 (Si-STT) zeolites 
The presence of Na+ hinders the formation of Si-O-Si bonds during calcination, 
which requires two adjacent silanol groups to be “free”. However, these Na+ cations remain 
associated with the Si-O- group, even at high calcination temperatures, leading to non-
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condensation of the silanol groups and thus structural collapse due to the large number of 
defects in the structure.  
To stabilize the zeolite structures during calcination, ion exchange of the as-made 
zeolites with NH4+ before calcination was applied.115, 123 In contrast to Na+, NH4+ can 
decompose under elevated temperatures allowing for the condensation of Si-OH groups 
leading to Si-O-Si bond formation and hence reducing defects after calcination. 
Comparison of the XRD patterns of the directly calcined zeolites with the zeolites calcined 
after ion-exchange allows us to assess the extent of structural collapse and shows that this 
damage to the structure varies with the zeolite structures (Figure 3.5). The results suggest 
that the crystallinity of Si-BEA after ion-exchange with NH4+ can be preserved during 
calcination. 
 
Figure 3.7 Deconvoluted 29Si MAS NMR spectra for samples synthesized. Si-BEA 
(NH4NO3) was calcined directly, while the other three samples were calcined after ion 
exchange. * is used to represent the spinning sidebands. 
The ion-exchange method is also effective for retaining the crystalline structure of 
AMH-4. The crystallinity of the AMH-4 sample calcined after ion exchange with NH4+ is 
higher than the sample calcined directly without carrying out ion-exchange. For Si-MFI, 
since the structure is stable without performing the ion-exchange, no noticeable difference 
was observed for the samples calcined before and after ion-exchange. This effect is likely 
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due to the high amount of Na+ present in the frameworks of the zeolites synthesized by the 
DGC method. As is clear from the ICP-OES results in Table 3.3, the amount of Na+ present 
in the Si-BEA framework is significantly higher than that in the other zeolites leading to 
the highly pronounced effect of ion exchange on calcination of the zeolite.  
 
Figure 3.8 29Si MAS NMR spectra of Si-BEA-HF and SiCHA-HF measured after 
calcination.  
29Si MAS NMR studies were conducted for the as-made and calcined zeolites (Figure 
3.7 and Figure 3.8) to further understand the effect of ion-exchange and number of defects 
in the three siliceous zeolites. The corresponding deconvoluted NMR spectra are also 
included in Figure 3.7. Based on this, the ratio of signal areas (Q2 + Q3)/ (Q2 + Q3 + Q4) or 
(Q2 + Q3)/Qtotal (representative of the fraction of defects among all the Si in the sample i.e. 
the defect density) for the three siliceous zeolites was obtained (Table 3.4). This ratio in 
the as-made zeolites is 0.48, 0.23 and 0.12, respectively, following the trend: Si-BEA > 
AMH-4 > Si-MFI, which is the same as the structural damage effect observed on 
calcination of these as-made zeolites, as discussed earlier. Si-BEA, which has a 
significantly higher percentage of (Q2 + Q3)/Qtotal in the as-made sample as compared to 
the other two zeolites (Table 3.4), has a higher defect density on direct calcination due to 
the hindering effect of the Na+ cations on Si-O-Si bond formation. Similarly, AMH-4 with 
an intermediate (Q2 + Q3)/Qtotal has lesser defect density on direct calcination, and Si-MFI 
has the least defect density. This is consistent with the conclusion that the higher number 
of defects in the as-made samples leads to more structural damage during direct calcination 
(Figure 3.5). 29Si MAS NMR studies on the samples after ion-exchange and calcination 
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show that the ion-exchange and calcination can lead to a significant reduction in the total 
extent of defects in the zeolites. However, the defect density in Si-BEA-DGC and AMH-4 
is still higher than the Si-BEA-HF and Si-CHA-HF (Table 3.4). In particular, the decrease 
of the defects in AMH-4 is less than Si-BEA, which might be due to the small pore size of 
CHA zeolites which is detrimental for the ion-exchange process. 
Table 3.3 OSDA and inorganic cation (M) content of the as-made zeolites as 
determined from ICP-OES and TGA studies. 
Sample 
From ICP-OES From TGA 
Al/Si M/Si[a] OSDA/Si 
AMH-4 0 0.010 0.083 
AMH-5 0 0.004 0.063 
Si-BEA-DGC 0 0.034 0.094 
Si-MFI-DGC 0 0.016 0.042 
Si-MRE-DGC 0 0.003 N.D.[b] 
[a] - M is Li+ for Si-MRE-DGC; Na+ for the rest. [b] - N.D. – Not  determined. 
 
The 29Si MAS NMR and structure stability studies suggest that the number of “charge 
vacancy defects” in the as-made zeolites is critical for the formation of stable siliceous 
zeolites using the DGC method. It has been known that the “charge vacancy defects” in the 
as-made zeolites directly correlate with the charge of OSDA molecules present, i.e. “charge 
vacancy defects” are formed due to the charge balancing of every OSDA molecule by Si-
O- groups in the zeolite framework structure. The charge vacancy defects can be formed 
due to one positive OSDA charge being ionically bonded to a Si-O- group, which will leave 
another corresponding Si-O- group free. This leftover Si-O- group would need another 
cation, either another OSDA or the inorganic (Na+ or other alkali cations), to balance its 
charge. Due to the bulky nature of the OSDA cation, it is more likely that the alkali cation 
would be needed to balance the remaining Si-O- group; this means that the inorganic 
cations are needed for the formation of siliceous zeolites in the synthesis method. This is 
consistent with our observation in the synthesis of siliceous zeolites, where we found that 
the inorganic cation is indispensable for synthesis of Si-BEA and AMH-4 (Table 3.1).  
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To understand the effect of OSDA charge on the defect density and to quantify the 
amount of OSDA cations present in the synthesized zeolites, we used TGA measurements 
for the as-made Si-BEA, AMH-4 and Si-MFI synthesized by the DGC-SAC method. By 
measuring the weight loss on calcination of the zeolites using TGA, the mole ratio of 
OSDA/Si present in the as-made zeolites was determined. This was expressed in terms of 
the OSDA charge/Si mole ratio in order to account for the total charge due to the OSDA 
molecules present in the framework. For Si-BEA, AMH-4 and Si-MFI, the OSDA 
charge/silica ratios as measured by TGA were 0.094, 0.083 and 0.042 respectively (Table 
3.3 and Figure 3.9). These ratios correspond to OSDA molecules per cage of 6, 1 and 4 
respectively for the three zeolites, which matches well with refinement and TGA data from 
literature for the same zeolites.120, 124, 125  










AMH-4 0.19 0.11 
Si-BEA-DGC 0.32 0.11 
Si-MFI-DGC 0.11 0.01 
Si-CHA-HF 0.14 0.02 
Si-BEA-HF N.D.[a] 0.01 
[a] – N.D. – Not Determined 
 
The effect of calcination on AMH-5 (Si-STT) and Si-MRE zeolites is depicted in 
Figure 3.6. These zeolites were found to be stable on calcination, presumably due to their 
lower OSDA charge/Si ratios. Since the samples are stable after direct calcination, we 
believe it is possible to prepare cation-free all silica STT and MRE by ion-exchanging the 
samples after calcination with NH4NO3.  
Based on the 29Si MAS NMR studies as well as TGA results, the different extent of 
structural damage on direct calcination of the zeolites synthesized by the DGC-SAC 
method are summarized in Figure 3.11. When the OSDA charge/Si ratio is low, the amount 
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of inorganic cations required for balancing the Si-O- defects is less, which allows for a 
stable zeolite structure after calcination without ion exchange. However, a high OSDA 
charge/Si ratio corresponds to a high density of defects and inorganic cations, hence 
leading to more structural damage on direct calcination causing the formation of an 
amorphous phase. The detrimental effects of direct calcination can be avoided by doing an 
ion-exchange of the inorganic cations with NH4+, which leads to stable zeolite structures 
for both low and high OSDA charge/Si ratio zeolites.  
 
Figure 3.9 Thermogravimetric analysis (TGA) for Si-BEA, AMH-4 and Si-MFI 
zeolites synthesized by DGC method. The initial weight loss (at temperatures <200 °C 
for larger pore zeolites Si-BEA and Si-MFI; <250 °C for AMH-4) is attributed to the 
loss of water present in the zeolites; whereas, the subsequent loss in weight is 
attributed to the OSDA burning off during the analysis. 
Since the inorganic cation (Na+) present in the synthesis seemed to be the cause of 
the structural collapse seen on calcination of the as-made zeolites, and ion exchange was 
necessary to prevent that from happening, removing the Na+ from the synthesis could help 
improve the method by presumably eliminating the ion exchange step. Since the syntheses 
of AMH-4 and Si-BEA were not successful in the absence of the inorganic cation (Table 
3.1), it was necessary to find an alternative strategy to improve the synthesis. It was 
postulated that the primary role of Na+ in the synthesis was for charge balancing and not 
for directing zeolite structures. This means that Na+ could possibly be replaced with NH4+ 
during the synthesis step itself, instead of doing the ion-exchange after the synthesis. 
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However, this does not mean that the inorganic cation does not have a structure directing 
role, as will be discussed later in this chapter. 
 
Figure 3.10 XRD patterns of as-made and directly calcined (a) Si-BEA, and (b) AMH-
4 zeolites synthesized by the DGC method by directly using NH4NO3. 
The synthesis of AMH-4 and Si-BEA directly using NH4+ was attempted using 
NH4NO3 while adding additional OSDA to maintain the pH of the synthesis (Table 3.1). 
The XRD patterns in Figure 3.10 show that the syntheses of Si-BEA and AMH-4 were 
successful using NH4+. However, it was found that these syntheses did not work in the 
absence of seed zeolite crystals. The fact that the synthesis worked when Na+ was replaced 
with NH4+ confirms that the primary role of the inorganic cation in the DGC synthesis is 
for charge balancing, and not for directing zeolite structures. However, the necessity of 
using zeolite seeds for the successful syntheses with NH4NO3 indicates that the Na+ might 
also have a role in promoting nucleation. This conclusion is further supported by the failure 
of the DGC synthesis of Si-BEA and Si-CHA zeolites in the absence of inorganic cations 
(Table 3.1). The requirement of an inorganic cation in addition to the OSDA is similar to 
the observations by Lewis and co-workers126, 127 in the synthesis of aluminosilicate zeolites 
by the so-called CDM (Charge Density Mismatch) approach, where the additional cation 
was found to be essential for the synthesis.  The XRD patterns in Figure 3.10 show that the 
zeolites synthesized using NH4NO3 were stable on direct calcination. The success of the 
syntheses using NH4NO3 provides clear evidence in support of the proposed mechanism 
about the role of Na+ during calcination (Figure 3.11) as well as the proposed role of the 
Na+ during the synthesis itself. These syntheses also represent a clear improvement of the 





Figure 3.11 Scheme representing the effect of ion exchange and calcination on low 
and high OSDA charge/Si ratio zeolites. The Na+ cation, which has a charge balancing 
interaction with an Si-O- group, remains in place on direct calcination leading to the 
formation of a structural defect. Ion exchange with NH4+ helps prevent this, as NH4+ 
cations leave on calcination. This effect depends on the OSDA charge/Si ratio. 
The study of the effect of calcination and ion exchange on the as-made zeolites, as 
well as the success of the NH4NO3-based synthesis method emphasize the importance of 
charge balancing in siliceous zeolite synthesis. This charge balancing aspect has been 
proposed in published literature to be the cause of the limited success of fluoride-free 
methods as compared to fluoride-mediated methods in siliceous zeolite synthesis. To 
quantify this charge balancing aspect, we used the OSDA charge/Si ratio of the as-made 
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zeolites. Such an analysis using the OSDA charge/Si ratio was done for all siliceous 
zeolites synthesized so far. 
 
Figure 3.12 A summary of all siliceous zeolites, based on their OSDA charge/Si ratio. 
The zeolites successfully synthesized in fluoride medium are depicted on the right, 
while the zeolites successfully synthesized in alkaline (fluoride-free) medium are 
shown on the left. Zeolites made using the DGC method in this study are shown in 
blue, while those made using conventional hydrothermal synthesis method in alkaline 
and fluoride media are shown in green and orange respectively. Of these, MFI and 
*MRE zeolites have been previously made by conventional hydrothermal synthesis in 
alkaline medium as well. Further details are provided in Table 3.5. 
Table 3.5 summarizes information about all siliceous zeolites synthesized so far, to 
the best knowledge of the authors (Some zeolite frameworks have been left out due to the 
reasons provided in Table 3.6). Siliceous zeolites whose synthesis mechanism is 
significantly different were excluded from the analysis. Published TGA data was used to 
determine the OSDA charge/Si ratio for the different siliceous zeolites. In addition, 
Rietveld refinement information for the as-made zeolites was also used to support this, in 
cases where such information was freely available in published literature (detailed 
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references for all this information are provided at the bottom of Table 3.5). This data was 
obtained separately for the zeolites synthesized by the fluoride-mediated and fluoride-free 
methods. Except in one case, the synthesis of Si-NON zeolite, the OSDA charge/Si ratio 
was found to be the same for a given zeolite irrespective of the synthesis method used. 
When all these siliceous zeolites are plotted on the OSDA charge/Si ratio scale, as 
shown in Figure 3.12, it is clear that conventional hydrothermal synthesis in alkaline media 
is successful only below OSDA charge/Si ratios of 0.063, while fluoride-mediated 
hydrothermal synthesis has a much broader range of success (0.016-0.100) in terms of this 
parameter. In the current study, successful syntheses of Si-BEA, AMH-4 (Si-CHA), Si-
MFI, Si-MRE and AMH-5 (Si-STT) zeolites were achieved using the DGC-SAC 
technique. On the OSDA charge/Si ratio scale, these syntheses, specifically Si-BEA, 
AMH-4 and AMH-5 have OSDA charge/Si ratios of 0.094, 0.083 and 0.063 respectively. 
This represents a broadening of the possible range (of OSDA charge/Si ratio) of zeolites 
that can be made in siliceous form without the use of fluoride. The DGC-SAC technique 
is the only known technique to make Si-BEA zeolite, as well as AMH-4 and AMH-5 
zeolites which have been made without using fluoride for the first time in this work. This 
shows that the DGC-SAC technique might be the method needed to expand the range of 
siliceous zeolites that can be synthesized in the absence of fluoride. Siliceous TON,113 
MFI128 and RUT129 zeolites have been synthesized using the DGC-SAC method in the past, 
of which Si-TON and Si-MFI have an OSDA charge/silica ratio of 0.042, while the data 
required to determine the OSDA charge/Si ratio for RUT zeolite is not available in 
literature. Si-MRE zeolite that was also synthesized in this work, has a low OSDA 
charge/Si ratio of 0.042. This means that the DGC-SAC method could possibly work 
effectively in the lower end of the OSDA charge/Si ratio range, while allowing us to access 
the higher end of this parameter. These results demonstrate the potential of the DGC-SAC 
method as a generally applicable method for the fluoride-free synthesis of a much wider 




Figure 3.13 XRD patterns of AMH-4 zeolite made using different silica sources. These 
were obtained using the same conditions as run 5 on Table 3.1 
The versatility of the DGC-SAC method is demonstrated by the variety of alkali 
cations that show success in each of the syntheses. The synthesis of Si-BEA showed 
success with Li+, Na+, K+ and NH4+ as cations. AMH-5 zeolite was synthesized with Li+, 
Na+ and NH4+, but not when K+ or Cs+ were used. However, in the synthesis of AMH-4 
zeolite, trials using Li+, K+ or Cs+ were not successful; the synthesis was successful only 
when Na+ or NH4+ were used as the inorganic cation (Table 3.1). These results indicate that 
the most likely role of the inorganic cation in the DGC-SAC method is for charge balancing 
during the synthesis, but size-related effects are also important. The DGC-SAC method 
was found to be versatile with respect to the silica source used in the synthesis as well. This 
was not studied in great detail, but our studies showed that the synthesis works well with 
both TEOS as well as colloidal silica as silica sources in the syntheses (Figure 3.13).  
Another feature of the DGC-SAC method is that the amount of water added during 
the SAC step was found to be crucial to the success of the synthesis. As can be seen in 
Table 3.1, by increasing the water added during the SAC step, the AMH-4 synthesis 
consistently yields AMH-5, and the Si-BEA synthesis yields the Si-MFI zeolite. This is 






intriguing as, in both cases, an increase in water content caused a shift in the zeolite phase 
synthesized from a lower framework density (FD) phase (15.1 for CHA; 15.3 for BEA) to 
a higher FD phase (17.0 for STT; 18.4 for MFI). This effect of water content on the FD of 
the siliceous zeolites synthesized by the DGC-SAC method is similar to the effect of water 
content on the FD of siliceous zeolites synthesized by the fluoride-mediated method, as 
studied in great detail by Camblor17 and Zones.109 They observed that lower water content 
of the synthesis gel directed the structure of the zeolite formed towards lower framework 
densities and hence, more “open” framework structures (structures with higher micropore 
volume). The study of this phenomenon by Zones109 noted a reduction in the number of 4 
MR (membered rings) in the frameworks synthesized at higher concentrations of water. 
However, they could not observe any change in the yield of the final product, and no 
general rule could be formulated to dictate the role of fluoride with respect of the water 
content of the synthesis. In the fluoride medium, this effect of observing different zeolite 
frameworks with varying water contents was attributed to the differing structure directing 
ability of the F- and OSDA+ ions as their concentration in the solution varies. However, 
this observation was found to not be true for some cases, such as tetrapropylammonium 
(TPA+) directing the structure of MFI zeolite17 or N, N-diisopropylimidazolium directing 
the structure of MTT zeolite109 where the same framework structure was formed 
irrespective of the water content of the synthesis medium studied. Nevertheless, the 
observation that lower framework density and more “open” framework structures form at 
lower water contents seems to be a common observation between published studies of the 
fluoride-mediated synthesis method and our observations of the fluoride-free synthesis 
method with the same OSDAs and point to the possibility of further convergence between 
the fluoride-mediated and the fluoride-free synthesis approaches.  
In summary, two siliceous zeolites – AMH-4 (CHA framework topology) and AMH-
5 (STT framework topology) have been synthesized for the first time using the DGC-SAC 
technique. Si-BEA, Si-MFI and Si-MRE zeolites were also synthesized using the same 
technique. Systematic XRD, NMR and TGA studies showed that calcination has a varied 
effect on different zeolite structures synthesized by this method, and that this effect is a 
function of the density of charge vacancy defects in the as-made zeolites. Zeolites with 
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higher density of charge vacancy defects experienced a higher extent of structural damage 
on direct calcination. Ion exchange of the Na+ present in the as-made zeolites with NH4+ 
was shown to help mitigate this damaging effect of calcination on the zeolites. The 
synthesis method was improved by accomplishing direct synthesis using NH4+ ions instead 
of Na+ ions. This helped eliminate the need for ion exchange as the zeolites synthesized by 
this method were found to be stable on direct calcination. These results highlight the critical 
role of charge balancing in the synthesis of siliceous zeolites without using fluoride. The 
OSDA charge/Si ratio of the zeolites can be used to quantify this charge balancing aspect. 
Conventional hydrothermal syntheses using fluoride span a wide range of OSDA charge/Si 
ratios from 0.016 to 0.100, while in the absence of fluoride only cover a limited range of 
0.016 to 0.063. The results presented in this work show that the DGC-SAC technique can 
synthesize siliceous zeolites spanning OSDA charge/Si ranges from 0.042 to 0.094. Thus, 
the DGC-SAC technique can expand the range of fluoride-free siliceous zeolite syntheses 
and opens up avenues for the fluoride-free synthesis of siliceous and high-silica forms of a 
number of highly promising zeolites such as CHA, LTA, STW and ITW zeolites.  
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Data type Ref.* 
AFI (SSZ-24) 24 Data not available Alkaline N/A 2 
AST 40 2 0.050 Fluoride TGA 3 
ATS (SSZ-55) 24 2 0.083 Fluoride Refinement 4 
*BEA 64 6 0.094 Fluoride TGA by us 5 
BEC (ITQ-14) 32 2 0.063 Fluoride TGA 6 
CFI (CIT-5) 32 
1 0.031 Alkaline TGA, ICP 7 
1 0.031 Fluoride TGA, ICP 7 
CHA 36 3 0.083 Fluoride TGA by us 8 
DOH (dodecasil-1H) 34 
1 0.029 Alkaline Refinement 9 
1 0.029 Fluoride Refinement 10 
DON (UTD-1) 64 2 0.031 Alkaline TGA 11 
EUO (EU-1, ZSM-50) 128 
2 0.016 Alkaline N/A 12 
2 0.016 Fluoride TGA, Refinement 13 
IFR (ITQ-4, SSZ-42) 32 
2 0.063 Fluoride ICP 14 
2 0.063 Alkaline Molecular modeling 15 
ISV (ITQ-7) 64 4 0.063 Fluoride TGA, Refinement 16 
ITE (ITQ-3) 64 1 0.016 Fluoride ICP 17 
ITH (ITQ-13, IM-7) 56 1 0.036 Fluoride ICP 18 
ITW (ITQ-12) 24 2 0.083 Fluoride Refinement 19 
LTA (ITQ-29) 24 2 0.083 Fluoride TGA 20 
MEL 96 4 0.042 Alkaline TGA 21 
MFI 96 4 0.042 Alkaline TGA 21b 
*MRE (ZSM-48) 48 
1 0.042 Fluoride TGA, ICP 22 
1 0.042 Alkaline TGA, ICP 22,23 
MTF (MCM-35) 44 
2 0.045 Fluoride TGA, ICP 24 




8 0.059 Fluoride ICP 25 
8 0.059 Alkaline Refinement 26 
MTT (ZSM-23) 24 Data not available Fluoride  27 
MTW (ZSM-12) 28 1.5 0.055 Alkaline TGA 28 
MWW (ITQ-1, MCM-
22, SSZ-25) 
72 4 0.056 Alkaline TGA by us 29 
NON (nonasil, ZSM-51) 88 
4 0.045 Fluoride Refinement 30 
3.5 0.040 Alkaline TGA 31 
RRO 18 1 0.056 Alkaline TGA 32 
RTH (SSZ-50) 32 Data not available Fluoride  33 
RWR 32 Data not available Alkaline  34 
SAS (SSZ-73) 32 2 0.063 Fluoride ICP 35 
SFF (SSZ-44) 32 Data not available Fluoride  36 
SGT (sigma-2) 64 4 0.0625 Alkaline Refinement 37 
STF (ITQ-9) 32 2 0.063 Fluoride Refinement 38 
*STO (SSZ-31) 112 4 0.036 Alkaline TGA 39 
STT (SSZ-23) 64 4 0.063 Fluoride ICP 1 
STW (HPM-1) 60 6 0.100 Fluoride TGA 41 
-SVR (SSZ-74) 92 Data not available Fluoride  42 
TON (theta-1, ZSM-22) 24 1 0.042 Alkaline Refinement 43 
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Table 3.6 Frameworks left out from the analysis in Table 3.5. 
Framework(s) Reason left out 
DDR 
OSDA charge/Si ratio is unclear from the data 
provided in literature 
IHW, IWR Synthesis is not possible without using seed 
GON, RTE, RUT Not synthesized as pure phase 
FAU 
Synthesis was indirect (post-synthesis 
dealumination and steam treatment of 
aluminosilicate zeolite) 
FER 
Synthesized using multiple charged OSDAs, 
so OSDA charge/Si ratio could not be 
determined 
SOD, RWR 
OSDA is uncharged/OSDA charge is unclear 







SYNTHESIS AND STUDIES OF MOLECULAR TRANSPORT IN 
MESOPOROUS INORGANIC MEMBRANES 
4.1. Background 
Mesoporous inorganic membranes have great potential in the separations field due 
to their relative ease of synthesis in comparison with microporous membranes, their ideally 
suited pore sizes (2-50 nm) and other favorable properties such as low pressure drop and 
high chemical and thermal stability.130-132 Due to these properties, mesoporous membranes 
find use in the areas of nanofiltration, catalytic membrane reactors and fuel cells.133, 134 
Important small-molecule separations such as CO2 or VOC (Volatile Organic Compound) 
recovery from flue gases20 and the recovery of ethanol from fermentation broths21 can also 
be accomplished using mesoporous membranes.  
These membranes typically consist of a mesoporous layer of thickness < 10 µm 
deposited on a significantly thicker macroporous support layer. The thin mesoporous layer 
provides the desired separation properties, while the macroporous support layer helps 
reduce pressure drop by helping distribute the flowing fluid while providing mechanical 
strength to the membrane. The mesoporous layers are deposited by various techniques such 
as slipcasting,135, 136 coating and self-assembly137 and also by controlling external 
environment (e.g. airflow or magnetic field) to obtain oriented membranes.138, 139  While a 
lot of progress has been made in recent years to synthesize membranes with desired 
properties, maintaining the desired pore orientation and connectivity while producing thin, 
defect-free and mechanically stable films remains a grand challenge for the field.  
Due to their large pore sizes, mesoporous membranes rely on mechanisms such as 
multilayer adsorption and surface diffusion to perform small molecule separations, as 
molecular sieving is not possible in their large mesopores. These multilayer adsorption-
based mechanisms can sometimes lead to counterintuitive results where the heavier species 
preferentially permeates through the membranes with separation factors in excess of 100 
having been reported.22, 23, 140 However, the underlying phenomena responsible for these 
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results are not yet well-understood. Attempts have been made to understand these 
phenomena on a molecular level with the help of simulations,141, 142 but systematic 
experimental investigations of the underlying phenomena using precisely controlled 
membranes are absent.  
Capillary condensation is a confinement-induced phase transition of molecules in the 
pores of nanoporous materials.143 It causes molecules to condense in mesopores at lower 
pressures than the saturation pressure in bulk, due to the effect of confinement. Hence, 
molecules condense in smaller pores at lower pressures than in the bigger pores. This aspect 
has been exploited in employing capillary condensation to characterize the pore size 
distributions of nanoporous materials.144 The observation of hysteresis is an important 
characteristic of this phenomenon and is a function of the pore structure and connectivity 
of the materials. Different types of capillary condensation-based hysteresis have been 
defined and well-characterized in different materials for accurate determination of the pore 
structure of different materials by taking advantage of adsorption and desorption hysteresis 
scanning behaviors of different pore structures.145-147 Capillary condensation has been 
well-studied and understood using both experiments and theory under equilibrium 
conditions for adsorption isotherms in a number of different types of materials.144, 146-150 
However, a number of practical applications in the fields of catalysis,146, 151 geophysics,152 
separations,153, 154 powder processing and storage,155 carbon dioxide sequestration153 and 
enhanced recovery of coalbed methane153, 156 and shale oil157 encounter capillary 
condensation under non-equilibrium conditions. Despite such widespread applicability, the 
phenomenon of non-equilibrium capillary condensation has not been widely studied, in 
part due to the higher degree of complexity required to describe the underlying dynamics 
on account of the absence of equilibrium.  
Herein we first present a scalable synthesis method to produce defect-free 
mesoporous silica hybrid membranes with improved coverage as compared to the current 
published techniques. In the second part of this chapter, we present a systematic study of 
molecular transport by steady state non-equilibrium capillary condensation in mesoporous 
membranes and attempt to relate it to the well-understood phenomenon of equilibrium 
capillary condensation. Previously unreported aspects of non-equilibrium capillary 
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condensation are reported and studied in some detail. The phenomenon of non-equilibrium 
capillary condensation is presented as a two-parameter problem, giving rise to hysteresis 
in two dimensions, where both the feed and permeate-side pressures are independent 
parameters as compared to equilibrium capillary condensation where only one pressure is 
required to define the system. 
4.2. Synthesis of pinhole-free mesoporous silica hybrid membranes 
One of the methods to obtain pinhole-free mesoporous silica membranes is the 
synthesis of mesoporous silica in the confined space of porous support membranes. This 
method is based on the use of a surfactant and a silica source, and the evaporation-induced 
self-assembly (EISA) process to obtain ordered pore structures.158 Hybrid membranes 
prepared by this method can be easily prepared by a dip-coating process.24 However, 
simple dip-coating does not guarantee complete coverage of mesoporous silica in the pores 
of the substrate presumably due to pockets of air being present in the pores during dip-
coating. While multiple cycles of dip-coating can help achieve complete coverage, it is 
difficult to ensure that the mesoporous silica incorporated during the different cycles are 
all oriented similarly. Other techniques such as aspiration have been developed to 
overcome this problem,159 but these are not easy to perform on a larger scale with 
membranes of different configurations.  
Herein, we report a simple capillary force-assisted coating method for improved 
coverage of mesoporous silica. The membranes used are Whatman Anodisc Anodized 
Aluminium Oxide (AAO) membranes which have a relatively narrow pore size distribution 
centered around 200 nm (Figure 4.1). As can be seen in the SEM images, these pores run 
perpendicular to the membrane thus making these an ideal substrate for the synthesis of 
mesoporous silica hybrid membranes. Figure 4.2 shows a schematic highlighting the 
difference between our synthesis approach as compared to the traditional dip-coating 
method. The AAO membrane is carefully placed at the air interface of the synthesis 
solution; as the mesopores take up the synthesis sol in them due to the action of capillary 
forces, the air is pushed out from the air-exposed side of the membrane. Eventually, the sol 





Figure 4.1 SEM images of Anodisc membranes showing their pore structure. 
 
  
Figure 4.2 Schematic showing the traditional dip-coating and our capillary force-
assisted synthesis approaches for the incorporation of mesoporous silica in AAO 
membranes. 
The synthesis sol for mesoporous silica is prepared according to a previously 
published synthesis recipe based on CTAB or cetyl trimethyl ammonium bromide, a 
cationic surfactant with a composition of is 1 SiO2 : 0.005 HCl : 0.15 CTAB : 2.9 H2O : 
10.2 EtOH. Due to the ionic nature of the surfactant, it is difficult to completely remove 
the surfactant after synthesis. To address this issue, we employ a solution of ammonium 
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nitrate and ethanol, based on previously published work.160 TGA (Thermogravimetric 
analysis) studies after extraction were used to optimize the time required for maximum 
removal of surfactant, and this time was found to be 32 h.   
 
 
Figure 4.3 Comparison of (a) Nitrogen flux, and (b) He/N2 selectivities for mesoporous 
silica hybrid membranes coated by traditional dip-coating and our capillary force-
assisted coating methods. The selectivities are also compared with untreated AAO 
membranes. 
Single gas permeation experiments were performed with nitrogen and helium on 
these membranes to evaluate the efficacy of the coating process (Figure 4.3). Figure 4.3a 
shows a comparison of the nitrogen fluxes in the membranes coated by the two methods. 
The consistently lower fluxes clearly show that our coating method leads to improved 
coverage of the mesoporous silica. Additionally, the He/N2 selectivites are also plotted for 
the two membranes in Figure 4.3b. These are also compared with the untreated AAO 
substrate membranes. The reduced permeance of nitrogen in both the coated membranes 
show that significant coverage is achieved with both the coating techniques, but the 
selectivity achieved by the membrane coated by the capillary force-assisted technique is 
significantly higher than the membrane coated by the traditional dip-coating approach. 
These results demonstrate the coating technique developed in this work is not just simpler, 
but can also make hybrid membranes with superior performance.  
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4.3. Molecular transport studies in AAO membranes 
A number of different theories have been proposed to explain the counter-intuitive 
preference of heavier gas molecules over lighter molecules through mesoporous 
membranes, including multilayer adsorption coupled with surface diffusion effects,135 
exclusion effects due to chemisorption,161 capillary condensation-induced blockage,162 
capillary condensation causing a sheer increased density of flow163 or Laplace pressure-
related effects.164  
As discussed later in this section, our studies support the hypothesis that capillary 
condensation in the membranes causes such a phenomenon. This phenomenon works 
differently than a molecular sieving mechanism where the smaller (or lighter) of the 
molecules in the mixture are selected to pass through (Figure 4.4). However, this 
mechanism does have some limitations because in some cases, it is very difficult to 
synthesize a membrane that has a pore size that is intermediate to the sizes of the molecules 
that need to be separated. Additionally, in cases where the heavier species is the desired 
species, such as VOC (volatile organic compounds) recovery from exhaust gases or 
separation of nitrogen from natural gas, a molecular sieving based separation would not be 
able to achieve the desired result and one would have to rely on more energy-intensive 
separation processes.165 Capillary condensation-based membrane separations have the 
potential to address these challenges and can help introduce membrane separations as an 
energy efficient alternative to a new class of separation processes. However, non-
equilibrium capillary condensation has not been well-understood in the context of 
membrane separation processes and the study presented henceforth, aims to address that 
through a systematic investigation of steady state non-equilibrium capillary condensation 




Figure 4.4 Schematic showing a comparison of (a) conventional molecular sieving 
separations which select the smaller (or lighter) molecule, against a (b) capillary 
condensation-based separation mechanism which would select the heavier molecule. 
4.3.1. Experimental details 
4.3.1.1. Materials 
13 mm disk-shaped anodic aluminium oxide (AAO) membranes of nominal pore 
diameter 10 nm were purchased from Integrated Device Technologies Inc and used as 




4.3.1.2. Characterization of membranes 
The membranes were characterized by SEM and nitrogen adsorption isotherms at 77 
K to better understand the pore size and structure (Figure 4.7). Scanning electron 
micrographs of the samples were collected using a Magellan 400 XHR-SEM instrument 
(FEI) equipped with a field-emission gun operated at 3.0 kV. The membrane samples were 
sputter coated with platinum before imaging.  
 
Figure 4.5 Custom-cell design used for adsorption isotherm measurements 
A custom-designed glass cell was used for gas adsorption measurements (schematic 
shown in Figure 4.5), allowing us to run measurements on these samples without having 
to crush the membranes. For the fabrication of the custom sample cell, a U-shaped 
borosilicate glass cup (bottom part of the holder without the constriction) was first 
fabricated. 12 membranes were placed in this glass cup and the top part of the sample 
holder was quickly sealed onto the glass cup. The holder was then inspected under 
polarized light to ensure that the sample holder was vacuum tight (i.e. there were no micro-
cracks causing leaks). The length of the cup was sufficient to ensure that the membranes 
did not heat up during the sealing step. The entire sample cell was of the same length as a 
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typical powder sample cell. 12 membranes were used to provide adequate surface for 
accurate determination of textural properties from adsorption measurements. Nitrogen 
adsorption isotherms at 77 K were measured on a Quantachrome Autosorb-iQ system after 
outgassing at 573 K until pressure rise in the test cell was less than 25 mTorr/min.  
4.3.1.3. Gas permeation studies 
Single gas permeation experiments were performed on these AAO membranes with 
nitrogen and butane gases. A schematic of the experimental setup used for single gas 
permeation studies on the AAO membranes is provided in Figure 4.6. A steel disk module, 
with one opening for feed and one opening on the permeate side was used for the 
permeation measurements. PTFE O-rings, steel meshed supports and screw caps were used 
for proper sealing. Omega DPG-4000 pressure transducers were fitted at the feed and 
permeate sides of the membrane for accurate measurement of inlet and outlet pressures. A 
Swagelok metering valve with a Vernier handle was also fitted on the permeate side of the 
membrane setup to enable measurements while wielding fine control on the permeate side 
pressure (back-pressure). The ambient temperature was determined by averaging the 
temperature measured by two temperature gauges, placed above and below the membrane 
setup. The recorded ambient temperature during various measurements was within a 
narrow range (20.8-21.9 °C). The volumetric flow rate of gas flowing through the 
membrane was measured using a soap bubble flow meter. This volumetric flow rate was 
converted to a molar flow rate assuming ideal gas behavior. The gas flux was calculated 
by dividing this molar flow rate by the flow area, determined to be 0.000346 m2. Every 
measurement was averaged over three readings, recorded after allowing for a minimum of 
600 s of equilibrium time between measurements.  
For typical permeance isotherm measurements with variation of feed pressure while 
the permeate-side pressure is maintained at atmospheric pressure (Figure 4.8), the control 
valve at the inlet was adjusted to control the feed pressure. For butane permeation (Figure 
4.8b), the inlet pressure was first increased upto the maximum value and then decreased 
back to the initial inlet pressure. At the measurement temperature, the atmospheric pressure 
corresponds to a relative pressure of 0.48 for butane. The maximum value of the inlet 
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pressure that can be attained using our experimental setup corresponds to a relative pressure 
of 0.97. Thus, the maximum relative pressure difference attained during these 
measurements is ~0.49.  
A similar procedure was used for permeance isotherm hysteresis scanning 
measurements as well (Figure 4.9). For the hysteresis scan on the increasing inlet-pressure 
branch of the permeance isotherm (Figure 4.9a), the inlet pressure was first increased up 
to the maximum relative pressure of about 0.97. Subsequently, the inlet pressure was 
gradually reduced to a relative pressure of ~0.92. At this point, the inlet pressure was again 
increased while measuring the permeance for small pressure steps. For the hysteresis scan 
on the decreasing inlet pressure branch of the isotherm (Figure 4.9b), the inlet pressure was 
gradually increased up to a relative pressure of ~0.95. From this point, the inlet pressure 
was gradually reduced while the permeances were measured at small intervals of inlet 
pressure. 
For permeate-side pressure variation measurements shown in Figure 4.10, the feed 
pressure was maintained close to the maximum value (~0.97 relative pressure) and the 
permeate-side pressure was controlled by adjusting the metering valve on the permeate 
side. The valve was slowly closed to increase the permeate-side pressure up to a relative 
pressure of 0.88 (i.e. a relative pressure difference of 0.09), and then the valve was opened 
to arrive at the initial pressure conditions (feed-side pressure of 0.97 and permeate-side 
pressure of 0.48). The permeance was measured at small pressure steps during the entire 
course of this pressure variation. 
The temperature-controlled measurements presented in Figure 4.11 and Figure 4.12 
were done by placing the membrane module and inlet tubing (as marked in Figure 4.6) in 
a water bath whose temperature was controlled. The length of inlet tubing was >3 times 
the necessary length required for the inlet gas to reach thermal equilibrium with the 
surrounding water in the bath. The measurement of permeance was done in a similar 
manner as was done for the data presented in Figure 4.8 and Figure 4.9.  
The measurement of nitrogen permeances (Figure 4.8a) was done in the same range 
of pressures as covered in the feed-pressure measurements with butane (Figure 4.8b), and 




Figure 4.6 Schematic of the experimental setup used for single gas permeation 
measurements. 
4.3.2. Results and discussion 
Scanning electron micrographs (SEM) and nitrogen adsorption data for the AAO 
membranes are shown in Figure 4.7. The SEM image shows thick pore walls (averaging 
~20 nm) for the AAO membranes, in addition to a narrow pore size distribution centered 
around 11 nm. The nitrogen adsorption data was obtained by running the measurement on 
12 membranes at once; thus, the data from the isotherms includes variation in pore sizes 
for each of the membranes as well as variations between different membranes.  The shape 
of the adsorption isotherm is similar to other reports in literature for AAO membranes of 
different sizes.143 The slope of the adsorption and desorption branches of this isotherm can 
be attributed to both the pore size distribution which causes capillary condensation to occur 
in different-sized pores at slightly different pressures, and also to the densification of the 
capillary condensate in the pores with increasing pressure. The inset of the isotherm shows 
the relatively narrow pore size distribution in the membranes as estimated by fitting the 




Figure 4.7 (a) Scanning electron micrograph, and (b) N2 adsorption isotherm at 77 K 
for AAO membranes used. The BJH pore size distribution calculated from the 
desorption branch of the isotherm is shown in the inset of (b). 
The results of nitrogen and butane permeation measurements on the AAO 
membranes are shown in Figure 4.8. This data is shown for the same range of inlet and 
outlet pressures as the butane permeation measurements and agrees reasonably well with 
the expected permeance values based on theoretical Knudsen diffusivity calculations 
(Appendix B). The nitrogen permeation data for these membranes is as expected for such 
membranes; the permeance remains relatively constant with increasing pressure difference 
across the membrane. However, in the case of butane, the permeance varies significantly 
with pressure difference. As shown in the inset of Figure 4.8b, the outlet is maintained at 
atmospheric pressure while the inlet pressure is first increased up to the maximum value 
and then decreased back to the initial inlet pressure. At the measurement temperature, the 
atmospheric pressure corresponds to a relative pressure of 0.48 for butane. The maximum 
value of the inlet pressure that can be attained using our experimental setup corresponds to 
a relative pressure of 0.97. Thus, the maximum relative pressure difference attained during 
these measurements is ~0.49. As the relative pressure difference is increased from 0 to 
about 0.40, the permeance increases gradually from about 0.051 to about 0.056 mol m-2s-
1bar-1. This is different from the case of nitrogen where the permeance remains largely 
constant (within experimental error) with varying pressure within the same range as butane. 
This gradual increase in butane permeance is known to be due to the contribution of flux 
due to surface diffusion which becomes increasingly more important as the surface 
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concentration of a species increases166, 167 and is similar to our results on propane 
permeation in AAO membranes of different pore sizes (Appendix D). Increasing the inlet 
pressure beyond this point leads to a rapid increase in the permeance, eventually attaining 
a value corresponding to an over 20-fold increase in permeance (>45-fold increase in flux) 
as compared to a relative pressure difference of 0.22.  
This rapid enhancement of permeance at high relative pressures can be attributed to 
the capillary condensation of butane in the pores of the AAO membranes. However, this is 
different from capillary condensation phenomenon seen in the adsorption isotherms of 
nitrogen (Figure 4.7). While adsorption isotherms identify capillary condensation under 
equilibrium conditions, the gas permeation measurements are carried out under non-
equilibrium conditions. Thus, the enhancement of butane permeance at high relative 
pressures is due to the phenomenon of steady state non-equilibrium capillary condensation. 
An interesting aspect of this phenomenon is the observation of hysteresis, similar to the 
hysteresis seen in equilibrium capillary condensation. As seen in Figure 4.8b, the butane 
permeance shows hysteresis at high relative pressure difference (>0.40) when the inlet 
pressure is reduced back to the initial value. 
The enhancement in permeance as well as the accompanying hysteresis, which are 
not observed for nitrogen permeation (Figure 4.8a), is similar to what has been observed 
by others for mesoporous membranes with gases under sub-critical conditions.135, 168 The 
phenomenon of non-equilibrium capillary condensation should be differentiated from the 
well-understood equilibrium capillary condensation phenomenon seen in gas adsorption 
isotherms. For a given material, the extent of equilibrium capillary condensation depends 
on the equilibrium pressure of the adsorbate. However, non-equilibrium capillary 
condensation depends on both the inlet pressure (or feed pressure) as well as the outlet 
pressure (or permeate pressure). Hysteresis-related effects further add to the complexity of 
both the phenomena, but the major difference is the number of pressure-related variables 
affecting them. For non-equilibrium capillary condensation, since there are two pressure-
related variables, the effect of both pressure variables (Figure 4.8, Figure 4.10) was 
investigated as part of this work. The effect of permeate pressure (Figure 4.10) has not been 
previously reported in such systems and will be discussed in detail later. 
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For equilibrium capillary condensation, the slope of the isotherm at high pressures 
as seen in Figure 4.7b has been attributed to the effect of the pore size distribution wherein 
capillary condensation occurs in smaller pores at a slightly lower pressure as compared to 
the larger pores. This leads to a more gradual increase in the volume adsorbed due to 
capillary condensation than would be expected in a sample with pores of uniform size. A 
similar effect can explain the slope of the permeance isotherm at high pressures (Figure 
4.8) where the pore size distribution could lead to differently sized pores filling at slightly 
different inlet pressure conditions. 
Since the outlet-side of the membranes is exposed to atmospheric pressure of butane 
(corresponding to a relative pressure of 0.48), it can be concluded that the column of 
capillary condensate in the pores does not extend through the entire length of the pore (refer 
Appendix C for details). Such a state of partial capillary condensation in mesopores 
stabilized by transport processes has been hypothesized to exist in previous theoretical and 
experimental studies.163, 169 Presumably, this occurs due to a decreasing pressure gradient 
across the length of the pore from the inlet side to the outlet side caused due to the 
continuous molecular transport across the pores. The part of the pore where the pressure is 
lesser than the minimum pressure required for capillary condensation would be void of the 
condensed phase. It would follow that changes in the inlet pressure could affect the length 
of the capillary condensate column present in the pore due to the same reasons, allowing 
for additional complexity from capillary condensation hysteresis-related effects. This can 
explain the slope of the permeance isotherm at higher pressures, in addition to the effect of 
the pore size distribution that was alluded to earlier. Decoupling the role of one of these 
factors from the other is not possible with the results presented as part of this work. But, 
the permeate-side (or outlet side) pressure variation measurements that will be presented 
later (Figure 4.10) provide strong evidence that the partial capillary condensed state does 
exist and that consequently, the length of the capillary condensate column does affect the 
observed permeance in these systems.  
As mentioned earlier, the adsorption isotherms as well as the pore size distribution 
derived from them (Figure 4.7b) include variation in pore size within individual 
membranes as well as the variation across different membranes since the measurements 
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were done for 12 membranes at once. However, the gas permeance data (Figure 4.8, Figure 
4.9, Figure 4.10) discussed here only involve measurements for a single membrane. Butane 
permeance measurements for other samples of the same membrane are presented in Figure 
4.13. By comparing the data for different samples of the same membrane, it can be seen 
that the degree of enhancement in butane permeation obtained by inlet pressure variation 
can be anywhere from 8-fold to over 20-fold, while the variation in pore size distribution 
across different membranes (inset of Figure 4.7b) is not large. It can thus be concluded that 
the degree of enhancement in butane permeance is highly sensitive to the pore size 
distribution of the membrane being used. 
 
Figure 4.8 (a) Nitrogen and (b) Butane permeance isotherms for AAO membranes 
used in this study. Corresponding flux data are shown in (c) and (d) respectively. 
Representative schematics are shown in (b) to depict the extent of capillary 
condensate in the pores of the membrane at different points on the isotherm. 
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Hysteresis scanning measurements have been widely used to understand hysteresis 
phenomena in adsorption isotherms and their relation to the pore structure of the material 
has been well-understood with the help of both experiments and theory.147, 156, 170-172 Such 
measurements have previously not been reported for non-equilibrium capillary 
condensation. The nitrogen adsorption isotherm for the AAO membranes used is shown in 
Figure 4.8b and has a type H1 hysteresis loop, as expected for a sample with independent 
cylindrical pores.145 Adsorption/desorption hysteresis scans for such samples simply cross 
the hysteresis loop and link the adsorption and desorption lines of an adsorption isotherm 
as there are no network effects in the pores.147 Due to the low surface area of individual 
membranes and since the variation in pore sizes across multiple membranes can affect this 
phenomenon, adsorption/desorption hysteresis scans for the membranes could not be 
measured as part of this study.  
 
Figure 4.9 (a) Increasing inlet pressure, and (b) decreasing inlet pressure hysteresis 
scanning measurements for butane permeation in the AAO membranes. The insets of 
both figures show the hysteresis scanning behavior in more detail.  
To investigate the nature of the hysteresis phenomenon being observed with butane 
permeation in the AAO membranes, hysteresis scanning permeation measurements were 
performed (Figure 4.9). For the hysteresis scan on the increasing inlet pressure branch of 
the permeance isotherm (Figure 4.9a), the inlet pressure was first increased up to the 
maximum relative pressure of about 0.97. Subsequently, the inlet pressure was gradually 
reduced to a relative pressure of ~0.92, since it showed an intermediate value of permeance 
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in the hysteresis loop. At this point, the inlet pressure was again increased while measuring 
the permeance for small pressure steps. For the hysteresis scan on the decreasing inlet 
pressure branch of the isotherm (Figure 4.9b), the inlet pressure was gradually increased 
up to a relative pressure of ~0.95. From this point, the inlet pressure was gradually reduced 
while the permeances were measured at small intervals of inlet pressure. These hysteresis 
scans appear to simply cross the hysteresis loop, as is to be expected in a system with 
independent pores. However, we currently do not have sufficient information and/or 
understanding of the system to make reasonable conclusions from this data and this could 
be a topic for further experimental and theoretical investigations. 
 
Figure 4.10 (a) Fluxes, and the corresponding (b) Permeances, when the permeate 
pressure is varied for the membranes while maintaining the feed pressure at 0.97 
relative pressure. Representative schematics are shown in (a) to depict the extent of 
capillary condensate in the pores at different points on the isotherm. 
In contrast to equilibrium capillary condensation seen in adsorption isotherms which 
is dependent on the equilibrium pressure in the system, non-equilibrium capillary 
condensation seen in permeance isotherms is dependent on the steady state inlet (or feed) 
and outlet (or permeate) pressures. The permeance data discussed up to this point have 
been obtained by varying the inlet pressure while maintaining a constant permeate-side 
pressure. Figure 4.10 shows the results of permeate pressure variation measurements in the 





Figure 4.11 Temperature-dependent butane permeation measurements in an AAO 
membrane at (a) 10 °C, (b) 14 °C, and (c) 18 °C plotted against the pressure difference 
across the membrane relative to the saturation pressure at each temperature. 
The starting point for the permeate pressure variation measurements was the highest 
point on the permeance isotherm shown in Figure 4.8b. The permeate-side pressure was 
first increased up to a relative pressure of about 0.88 (relative pressure difference of about 
0.09) and then decreased back to the initial pressure conditions with small pressure steps 
to measure the permeance. The flux and permeance are observed to be significantly 
increased by varying the permeate pressure, with the point of maximum permeance of 1.99 
mol m-2s-1bar-1 observed when Pin, rel = 0.97 and Pout, rel = 0.76 (ΔPrel = 0.21). In contrast, 
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the same relative pressure difference (ΔPrel = 0.21) across the membrane yielded a 
permeance of 0.052 mol m-2s-1bar-1 (Figure 1b; Pin, rel = 0.69, Pout, rel = 0.48). In other words, 
an almost 40-fold improvement in permeance can be obtained with the same relative 
pressure difference across the membrane, by simply changing the manner in which the final 
condition is reached. In effect, the flux and permeance across the membrane can be 
enhanced by independently increasing or decreasing the feed and permeate pressures as 
required. This counterintuitive behavior is due to the non-equilibrium capillary 
condensation of butane in the pores of the membrane.  
 
 
Figure 4.12 Flux measurements corresponding to the permeance measurements 
shown in Figure 4.11 plotted against the absolute pressure difference across the 
membrane. 
For permeance hysteresis due to feed pressure variation, it was concluded that the 
slope of the variation in permeance could be due to the effect of the pore size distribution 
as well as due to the effect of varying length of the capillary condensate column in the 
pores. However, for permeance hysteresis due to permeate pressure variation, since the 
feed pressure remains constant during the entire period of the measurement, capillary 
condensation is not expected to occur in any previously empty pores during the permeate 
pressure variation. In this case, the observed hysteresis in permeance can be explained by 
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the varying length of the column of capillary condensate in the membrane pores during the 
course of the measurement. Thus, the permeate pressure variation permeance isotherm 
provides more compelling evidence of the presence of a partial capillary condensed state 
stabilized by molecular transport in the membrane pores. 
Table 4.1 Comparison of salient features observed from the butane permeation 
measurements at different temperatures. 
Measurement temperature 10 °C 14 °C 18 °C 
Permeance ratio between relative pressures 
of 0.994 and 0.85 
26.2 21.8 18.7 
Permeance ratio between relative pressures 
of 0.994 and 0.85 
46.2 33.0 26.6 
Maximum permeance measured  
(mol m-2s-1bar-1) 
1.80 1.27 0.96 
Maximum flux measured (mol m-2s-1) 0.81 0.85 0.87 
Flux at ~21.3 psia pressure  
(mol m-2s-1) 
0.81 0.027 - 
Flux at ~24.6 psia pressure  
(mol m-2s-1) 
- 0.85 0.036 
 
Butane permeation measurements were also performed at different temperatures for 
the same AAO membrane, to understand the effect of temperature on the capillary 
condensation phenomena. These results are presented in Figure 4.11, Figure 4.12 and Table 
4.1. Figure 4.11 compares the permeance isotherm at different temperatures and a number 
of differences in the nature of enhancement can be seen, while the fluxes in these cases are 
plotted against the absolute pressure difference across the membranes in Figure 4.12. The 
hysteresis loop is observed to broaden at the high flux region at higher temperatures. The 
peak flux also increases slightly at higher temperatures. Most importantly, a small 
reduction in temperature (4 °C) is shown to lead to a significant enhancement in flux by 
more than an order of magnitude. These variations are summarized and quantified in Table 
4.1. The peak permeance is observed to be decreasing as the temperature is increased, in 
contrast to the peak flux which increases as the temperature increases. Additionally, the 
enhancement in flux as well as permeance between the top and bottom parts of the 
hysteresis loop are found to be the maximum at the lowest temperature. The last two rows 
of Table 4.1 highlight the importance of temperature in this system – a flux enhancement 
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of 24-30 times can be obtained with a mere 4 °C reduction in the temperature of the system. 
Thus, the flux from low pressure feeds can be increased by well over an order of magnitude 
with very small changes in temperature of operation.   
 
Figure 4.13 Butane permeance isotherms for two membranes other than the one 
shown in Figure . 
In summary, the phenomenon of steady state non-equilibrium capillary condensation 
was systematically investigated with the help of butane permeation in AAO membranes. 
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Flux and permeance enhancement as well as an associated hysteresis were observed at high 
feed pressure due to capillary condensation of butane in the membrane pores. Non-
equilibrium capillary condensation was presented as a two-parameter problem, giving rise 
to hysteresis in two dimensions, where both the feed and permeate-side pressures are 
independent parameters. Feed-side pressure hysteresis scanning and permeate-side 
pressure hysteresis measurements were used to clarify the effect of both of these 
parameters. An almost 40-fold increase in permeance was accomplished with the same 
pressure difference across the membrane by modifying these two parameters 
independently. It was also shown that a 4 °C reduction in temperature could yield a 30-fold 
improvement in flux across the membrane without changing the feed or permeate 
pressures. These results demonstrate that over an order of magnitude increase in flux and 
permeance across the membrane can be achieved across a wide range of operating 
parameters and thus, pave the way for efficient practical membrane separations based on 
steady state non-equilibrium capillary condensation (Figure 4.4). Such separations can be 
especially useful when the heavier component in a gas mixture needs to be concentrated 
such as VOC recovery from exhaust gases or removal of nitrogen from natural gas, where 
more energy-intensive separation processes are currently used.165  
From a separations-perspective, the best performance would be achieved with a thin 
column of capillary condensate in the membrane pores. This is because the capillary 
condensate would presumably have an associated pressure drop that would depend on the 
length of the capillary column itself. Since the separation selectivity is not expected to 
depend on the length of the capillary column, the ideal separation system would have the 
thinnest possible stable column of capillary condensate so that the associated pressure drop 
is kept low. While the solubility of the light molecule in the capillary condensate can affect 
the efficacy of such a separation, previously unreported aspects such as the permeate 
pressure-based hysteresis, hysteresis scanning as well as the temperature dependence of 
the capillary condensation phenomena that are presented in this work provide previously 
unknown handles to exert control on the stability and extent of capillary condensate as well 
as to improve separation selectivity and flux without affecting the feed and/or permeate 





5.1. Concluding remarks 
The first part of this work focuses on improving our understanding of diffusion in a 
new class of porous materials – hierarchical porous materials. MCM-41 and SBA-15 
mesoporous silicas and conventional as well as hierarchical silicalite-1 zeolites were 
synthesized and the diffusion of two probe molecules with significantly different molecular 
dimensions (cyclohexane and 1-methylnapthalene) was studied in these materials. In 
contrast to conventional understanding, the existence of an effective diffusion length scale 
was proposed wherein the high external surface area was leading to configurational 
diffusion events through multiple micropores interspersed with surface diffusion-mediated 
micropore re-entry events. This mechanism, which is controlled by the strength of the 
sorbate-sorbent interaction, results in significantly longer effective diffusion lengths than 
the length of individual micropores as previously assumed. As a result, the overall 
diffusivity in hierarchical zeolites seems to be slower than it is in practice. These findings 
impart new insights into molecular transport, and hence, new strategies for the rational 
design of hierarchical porous materials that rely on controlling the surface diffusion process 
by controlling the strength of interactions opening up avenues for new applications of these 
materials such as gas separations.  
A majority of published studies on diffusion in zeolites are based on silicalite-1 (MFI 
framework) zeolite, mainly due to ease of synthesis of this zeolite in comparison to others. 
The second part of the thesis aims to address this problem by developing a general fluoride-
free synthesis technique for the synthesis of siliceous zeolites. Two new zeolites (Si-CHA 
and Si-STT) and three other zeolites were synthesized in siliceous form using the dry gel 
conversion (DGC) technique. The main features of the DGC method are the use of 
significant amount of inorganic cations for the synthesis of siliceous zeolites as well as the 
water-limited synthesis conditions as compared to traditional fluoride-free syntheses. The 
important role of inorganic cations in stabilizing defects formed during the fluoride-free 
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synthesis of siliceous zeolites was elucidated through XRD, 29Si MAS NMR, ICP and TGA 
studies. The OSDA charge/Si ratio scale showed that all siliceous zeolites synthesized 
fluoride-free were restricted to a limited range (<0.063) as compared to fluoride-mediated 
siliceous zeolites which spanned a broader range (0.016 to 0.100). The DGC technique was 
used to synthesize three zeolites in the high OSDA charge/Si ratio range (0.063-0.094).  
Based on this, it was concluded that the DGC technique has the potential to be a general 
fluoride-free synthesis technique for the synthesis of siliceous zeolites in the higher OSDA 
charge/Si ratio range. This would enable a number of important zeolites such as STW, 
CHA and LTA to be synthesized in siliceous or high silica form without using fluoride, 
thus opening the door for practical applications as well as more fundamental studies of 
these materials.  
While the first two parts of this thesis are on the molecular transport and synthesis 
studies of zeolites, the third part addresses molecular transport and synthesis challenges in 
the field of mesoporous inorganic membranes. Mesoporous inorganic membranes have a 
number of favorable properties such as chemical and thermal stability as well as low 
pressure drop, but practical applications of such materials are hindered by the non-
availability of scalable methods to produce defect-free membranes on a large scale. A new 
scalable technique was developed to synthesize defect-free mesoporous silica hybrid 
membranes with anodized aluminium oxide (AAO) membranes as substrates. This 
technique was shown to have superior coverage as compared to membranes synthesized by 
the conventional dip-coating technique using gas permeation studies.  
Another hindrance to the application of mesoporous inorganic membranes in small 
molecule separations is that the separation mechanism is not well-understood. The 
permeation of butane gas through AAO membranes was studied systematically and in great 
detail in order to better understand the phenomenon of steady state non-equilibrium 
capillary condensation. These studies reveal previously unreported aspects of the 
phenomenon, which can potentially be exploited to design highly efficient separations 
centered around mesoporous inorganic membranes. Strong experimental evidence was 
found in support of the presence of a partial capillary condensed state of the pore stabilized 
by molecular transport, which has been previously been theorized but not observed.  
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5.2. Suggested future directions 
The molecular transport studies in hierarchical zeolites highlight the role of sorbate-
sorbent interactions in governing diffusional mechanism at low (sub-monolayer) coverage. 
These studies were restricted to low concentrations of probe molecules. However, at higher 
coverages, one might expect the governing mechanism could change due to a reduction in 
the strength of sorbate-sorbent interactions for additional layers. This effect can also be 
compounded by confinement-related effects cropping up. Confinement-related effects can 
also be interesting at low molecular coverages and are one of the aspects that were not 
explored in the molecular transport studies done as part of this work. By synthesizing 
hierarchical materials with varying mesopore size while maintaining similar microporosity, 
future studies can focus on understanding the importance of the confinement effect on the 
diffusion process at low as well as higher molecular coverages.  
To decouple framework-specific effects such as the effect of framework flexibility 
and phase transitions from others, we need to be able to conduct diffusion studies with 
multiple zeolite frameworks. By employing the synthesis technique developed in the 
second part of this thesis (DGC technique), future work can focus on synthesizing other 
siliceous zeolite materials (such as LTA or ITW zeolites) and understanding molecular 
transport in them. Such studies would allow the formulating of more general concepts 
governing molecular transport in porous materials moving us closer to the ideal of rational 
synthesis of desired porous materials tailored to specific applications.  
Another extension of the zeolite synthesis work presented in Chapter 3 is to use the 
synthesis technique developed to synthesize high-silica (high Si/Al ratio) forms of other 
zeolites with high OSDA charge/Si ratio such as LTA, ITW and *STW which have high 
potential for commercial applications in gas separation and catalysis but have so far been 
hindered primarily due to synthesis-related challenges. In addition, zeolites that have so far 
only been synthesized with low Si/Al ratios can be targeted for synthesis with high Si/Al 
ratio using this method (refer Appendix E for details), provided the right OSDAs for those 
structures are known. The analysis presented in Appendix E can help focus future synthesis 
efforts to certain framework structures by looking at those zeolites that have an OSDA 
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charge/T atom ratio (instead of OSDA charge/Si ratio, since there are other T atoms present 
in those structures) that is accessible by the DGC method based on the analysis presented 
in Figure 3.12. The DGC synthesis technique can also be used to further our fundamental 
understanding of zeolite crystallization by employing it in in situ studies of zeolite 
synthesis. The pure silica zeolite system is chemically simpler to study on account of 
absence of aluminium in the synthesis gel.  
In addition to these studies, the possibility of carrying out the dry gel conversion 
(DGC)-based syntheses at ambient pressure could also be investigated. The highly ionic 
nature of the dry gel and the relatively low water content of the synthesis raises questions 
about the actual pressure of the synthesis in the autoclave at the crystallization temperature. 
This could be investigated further by employing modified autoclaves outfitted with a 
diaphragm pressure gauge. These studies can yield further fundamental insight into the role 
of pressure in zeolite synthesis.  
The studies of steady state non-equilibrium capillary condensation can be extended 
in a number of ways to better understand the underlying phenomena. Further fundamental 
insights can be gained by coupling gas permeation studies with adsorption isotherms with 
the same gases, e.g. coupling gas permeation studies of butane with butane adsorption 
isotherms at the same temperatures as the permeation studies on the same membranes. 
Direct observation of the phenomenon using the interference microscopy technique55 
recently developed would also help to address a number of unanswered questions about 
the system.  
The effect of temperature, pore size, pore structure and energy of sorbate-sorbent 
interaction on the permeance enhancement need to be understood better in order to be able 
to effectively understand and exploit this phenomenon. This requires the controlled 
synthesis of mesoporous inorganic membranes with specific pore size and structure. The 
synthesis method developed in the third part of this thesis for the synthesis of high coverage 
mesoporous silica hybrid membranes can accomplish this. Different pore sizes and 
structures may be synthesized using the method, and the pore surface properties can be 
modified using molecules such as organosilanes. Another possible future direction of this 
work involves the study of binary gas mixture separations using this mechanism in order 
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to understand exactly what properties of the membranes can be tuned to achieve the desired 




EXPERIMENTAL METHODOLOGY USED FOR DIFFUSIVITY 
MEASUREMENTS WITH ZLC 
 
A.1. ZLC experiments 
The design of the experimental setup used has been described in other published 
work.14 The ZLC experiment involves allowing a small quantity of adsorbent to equilibrate 
with a gas stream consisting of probe molecule and inert gas. In our experiments, the probe 
molecule used was either cyclohexane or 1-methylnaphthalene, while the inert gas used 
was nitrogen. For each of the probe molecules, the exact same conditions were used to 
measure diffusivities in all the adsorbent samples. The experiments were done within the 
Henry’s law region, so that the diffusivities could be obtained by using the short-term and 
long-term analysis methods.81 The diffusivities obtained using the ZLC method are 
transport diffusivities, but since these measurements are run at very low concentrations, 
these values are not very different from the self-diffusivities. A number of different tests 
were done to validate the setup as well as the results, which have been described later in 
this section.  
A.2. Data analysis. 
The main assumptions of the ZLC models developed by Ruthven et al. are perfect 
mixing in the cell, equilibrium at gas-solid interface and that the holdup in gas phase is not 
significant.5, 8 Considering the particles to be spherical and three-dimensional diffusion, 
there is an infinite-series solution for normalized concentration in the gas desorption 
stream:  
 = 2 







where  is the gas phase adsorbate concentration,  is the initial gas phase adsorption 
concentration,  is the radius of the particle,   is the effective diffusivity and  is the 
time.  is defined as: 
 = 13 "#$% 2 
where " is the purge gas flow rate, # is the Henry’s law constant and $% is the volume of 
adsorbent.   satisfies the following condition: 
 cot 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The FID response from the ZLC experiment is converted to the dimensionless 
concentration according to the following relationship: 
 = * − ** − *  4 
where * is the FID signal at any time , * is the background FID signal (seen at long 
time) and * is the initial FID signal.  
In the long-time region, the solution of equation 1 can be reduced to: 
 = 2
exp −   +  − 1  
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In order to use this method, a plot of ln/ is made against time and the slope 
of the plot at long time was fed to the above equation to extract the value of /. 
For cyclohexane measurements, nitrogen was bubbled through a liquid cyclohexane 
column whose temperature was maintained using a water bath and subsequently diluted 
with another nitrogen stream. When the gas stream at the outlet of the bubbler is completely 
saturated, the partial pressure of cyclohexane is 5.6×10-6 bar, which would correspond to 
the Henry’s law region in the published isotherms for the materials used.173-175 The data 
was analyzed using the long-time analysis method. 
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For 1-methylnaphthalene measurements, when the gas stream at the outlet of the 
bubbler is completely saturated, the partial pressure of 1-methylnaphthalene is 8.9×10-6 
bar, which would correspond to the Henry’s law region in a published isotherm for 1-
methylnaphthalene adsorbed in a similar material (MCM-48).176 The data was analyzed 
using the short time analysis method which involves the use of the initial portion of the 
ZLC response curve to extract a value for diffusivity.173 Analyzing the data at short time 
has the added advantages of being less sensitive to errors from baseline drift and particle 
size distribution. In particular, due to the low vapor pressure used in the measurement for 
1-methylnaphthalene, long time analysis is significantly affected by the baseline drift. 
Therefore, short time analysis method was used.  An approximate solution to the system 
for a step change in surface concentration is the following: 
 ≈ 1 23 
4 − 15 
 
6 
This equation is valid for / < 0.2  and  > 10.  
A similar equation may be obtained as a solution for a one-dimensional diffusion 
path with  replaced by : as shown by Cavalcante et al.5 They also describe a method to 
help choose which of the two models should be used. They showed that if the y-intercept 
of a plot between / and 1/√ is negative, the three-dimensional model may be used. 
On the other hand, if the y-intercept of this plot is zero, the one-dimensional diffusion 
analysis method is used. As per this condition, the applicability of the three-dimensional 
model for these experiments was verified (Figure A.1 shows the same in the case of 




Figure A.1 Plots of c/c0 and 1/√t for (a) cyclohexane and (b) 1-methylnaphthalene 
diffusion in SBA-15 6.2 nm. These show a negative y-intercept demonstrating the 




A.3. Validation of the ZLC setup 
1. Comparison with literature data  
In order to benchmark our ZLC setup, the diffusivity of cyclohexane in 3µm 
silicalite-1 was measured (Figure A.2) and compared with literature. The diffusivities 
obtained from these measurements match reasonably with other published studies for 
similar systems.173, 177-179  
 
Figure A.2 (a) ZLC curves and (b) Derived diffusivities of cyclohexane in 3 µm 





2.  Equilibrium adsorption time 
Brandani and Ruthven82 concluded that an adsorption time of at least 0.5 / is 
required when the value of  is large. For our measurements with cyclohexane and 1-
methylnaphthalene on the different porous materials, the adsorption time afforded ranged 
from 2 / to 5 / depending on the specific conditions such as value of .  
 
3.  Repeatability of the ZLC measurement 
ZLC measurements were repeated at least once to ensure repeatability of the data 
obtained. The repeated measurements for the case of cyclohexane diffusion in SBA-15 5 
nm are showing in Figure A.3.  
 
Figure A.3. ZLC curves obtained from repeated measurements for cyclohexane diffusion 





4.  Flow rate measurement 
The existence of diffusion-controlled regime was also checked by running the ZLC 
measurements at different flow rates. Figures A.4 and A.5 show the ZLC curves and 
corresponding Arrhenius plots for the case of cyclohexane and 1-methylnaphthalene 
diffusion in SBA-15 8.5 nm.  
 
 
Figure A.4. (a) ZLC curves for cyclohexane in SBA-15 8.5 nm measured at diff flow 
rates. The filled circles represent the curves at lower flow rate (51 sccm) while the 
empty circles represent the curves at higher flow rate (70 sccm). (b) Arrhenius plot 




Figure A.5. (a) ZLC curves 1-methylnaphthalene in SBA-15 8.5 nm measured at diff 
flow rates. The filled circles represent the curves at lower flow rate (55 sccm) while 
the empty circles represent the curves at higher flow rate (70 sccm). (b) Arrhenius 






CALCULATION OF EXPECTED NITROGEN PERMEANCES FOR 
THE AAO MEMBRANES USED 
 
 The Knudsen permeance of nitrogen for the AAO membranes used is calculated here 
for comparison with the experimentally measured values (Figure ): 
Membrane properties –  
Average pore radius (<) = 11 nm = 1.1 × 10?@m as measured by nitrogen adsorption 
Thickness () = 50 Am = 5 × 10?Bm (manufacturer specification) 
Porosity (C) = 0.15 (manufacturer specification) 
Tortuosity of pores (D) = 1 as the pores are cylindrical and don’t have any interconnections 
Other values –  
Temperature E = 20 °C = 293.15 K 
Molecular mass J = 28 g mol? = 2.8 × 10?kg mol? 
Gas constant  = 8.314 J mol?K? 
Using the above values, Knudsen permeance OP can be calculated as follows: 
OP = Q 23ER S<T SCDT 384 EJ  = 0.42 mol m?s?bar?  Y1 
 
This value is within an order of magnitude (6x) the experimentally measured value of 





PREDICTION OF CAPILLARY CONDENSATION IN AAO 
MEMBRANES USING THE KELVIN EQUATION 
 
 Capillary condensation due to the presence of a curved meniscus is predicted by the 
Kelvin equation as follows:  
 ln Z[Z%\] = − 2^_$`E  a1 
 
where Z[ and Z%\] are the equilibrium and saturation vapour pressures respectively, ^ is 
the mean curvature of the meniscus, _ is the surface tension of the liquid-vapour interface, $`  is the molar volume of the liquid phase, E is the temperature and  is the ideal gas 
constant.  
 The temperature is known from measurements during the gas permeation 
measurements. Data on surface tension and the molar volume of the liquid phase for butane 
were obtained from the NIST Chemistry Webbook Database 
(https://webbook.nist.gov/chemistry/). The shape of the meniscus is assumed to be 
hemispherical in these calculations. This means that the curvature can be directly 
determined from the Kelvin radius (<P) as follows: 
^ = 1<P a2 
 While the Kelvin equation (Equation a1) predicts the minimum capillary 
condensation pressure in a pore under equilibrium conditions, the gas permeation 
measurements are carried out under non-equilibrium steady state conditions. Thus, the 
calculations that follows have been done assuming a pseudo-equilibrium type of condition 
between the bulk vapour and the condensed phase in the pore during the gas permeation 
measurements. Additionally, since the Kelvin equation often underpredicts the size of pore 
required for capillary condensation at a certain equilibrium pressure value, a number of 
different approaches involving the addition of a -layer thickness to the Kelvin radius to 
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obtain a predicted pore radius have been used in published literature.180-182 For the sake of 
simplicity, we will not be including any of those corrections in our calculations as they 
were not found to be necessary in this context.  
 Using the above assumptions and data sources, the maximum pore size required for 
capillary condensation of butane at a temperature of 20 °C (the temperature at which the 
gas permeation measurements were done) and a relative pressure (
bcbdef of 0.48 was found 
to be 3.2 nm.  
 This is significantly lesser than the minimum pore size of the membranes used in this 
study. Accounting for any possible correction by the addition of the -layer thickness and 
considering that majority of the pores in the membranes are significantly larger than the 
Kelvin radius, we can conclude that the pressure at the outlet of the membranes 
(corresponding to a 
bcbdef = 0.46 − 0.475 at the measurement conditions) was insufficient 
for capillary condensation in the membrane pores. This provides strong supporting 
evidence of the existence of a partial capillary condensed state in the pores of the membrane 
since the butane partial pressure on the outlet side of the membranes was insufficient for 





SINGLE GAS PERMEATION MEASUREMENTS OF PROPANE IN 
AAO MEMBRANES  
 
The permeation of propane gas in two commercial AAO membranes (Whatman® 
Anodisc 13 mm membranes) of nominal pore diameters 20 nm and 200 nm was measured 
at ambient temperature using the same permeation setup shown in Figure 4.6. The 
permeance was observed to increase with increasing pressure of propane at the inlet.  
 
Figure D.1. Propane permeation measurements on AAO membranes with nominal 
pore diameters of 20 µm (black squares) and 200 µm (red circles). The gradual 
increase in propane permeance with increase inlet pressure is attributed to an 
increase in surface diffusivity associated with a higher surface concentration of 
propane.   
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APPENDIX E  
SUMMARY OF RECOGNIZED ZEOLITE FRAMEWORKS AND 
EXTENT OF SUCCESSFUL SYNTHESIS EFFORTS  
To date, 239 zeolite structures have been recognized by the International Zeolite 
Association – Structure Commission (IZA-SC). The different forms in which these 
framework types have been successfully synthesized to date are summarized below –  








ABW    
Phosphates, Arsenates and 
Germanates of Zn, Li, Rb, 
Th, Be 
ACO    Cobalt phosphate (ACP-1) 
AEI    AlPO-18, SSZ-39 
AEL    AlPO-11 
AEN    
AlPO-53, IST-2, UiO-12, 
Mu-10, JDF-2, MCS-1, 
CFSAPO-1 
AET    AlPO-8, MCM-37 
AFG    
Mineral Afghanite, no 
synthetic analogs 
AFI    SSZ-24, AlPO-5 
AFN    AlPO-14 
AFO    AlPO-41 
AFR    AlPO-40 
AFS    MAPO-46 
AFT    AlPO-52 
AFV    SAPO-57 
AFX    SSZ-16, *SAPO-56 
AFY    MAPO-50 
AHT    AlPO-H2 




AlPO-24, Be-Si, Zn-Ga-P, 
Al-Ge, Be-B-P 
APC    AlPO-C, AlPO-H3 
APD    APO-CJ3, AlPO-D 
AST    
Ge-Si, AlPO-16, 
Octadecasil 
AHT    AlPO-H2 
ASV    ASU-7 (Pure germanate) 
ATN    SAPO-39 










ATS    SSZ-55, AlPO-36 
ATT    
RMA-3, AlPO-33, *AlPO-
12-TAMU 
ATV    AlPO-25, Ga-P 
AVL    SAPO-59 
AWO    AlPO-21, Ga-P 
AWW    AlPO-22, AlPO-CJB1 





*BEA    
Zn-Si (CIT-6), SSZ-26, 
SSZ-33, Mineral 
tschernichite 
BEC    
ITQ-14 overgrowth, Ge-Si 
(ITQ-17), *FOS-5 
BIK    
Aluminosilicate mineral 
bikitaite 
BOF    
*UCSB-15GaGe (Ga-Al-
Ge) 
BOG    
Aluminosilicate mineral 
boggsite 
BOZ    
Metal hydroxide zeotype 
(*Be-10) 
BPH    
Linde Q, UZM-4, STA-5, 
ZnAPSO-64, Be-P 
BRE    
CIT-4, aluminosilicalite 
mineral brewsterite 
BSV    *UCSB-7 (Ga-Al-Ge) 
CAN    
Co-P, Ga-Ge, Al-Ge, Zn-
P, Minerals (Davyne, 
Microsommite, Tiptopite, 
Vishnevite, Cancritite) 
CAS    
EU-20b (impure), cesium 
aluminosilicate 
CDO    
UZM-25, *CDS-1, MCM-
65 
CFI    CIT-5 
CGF    CoGaPO-5 
CGS    
TNU-1, TsG-1, Ga-Si, Ga-
P, Zn-Ga-P 
CHA    SSZ-13, AMH-4 
-CHI    
Mineral chiavennite (Be-
Si) 
-CLO    Ga-P 
CON    
CIT-1 (B-Si), SSZ-26 
(impure), SSZ-33 (impure) 











*CTH    
Ge-Si (SAZ-1, CIT-13, 
NUD-2) 
CZP    Zn-P, B-P, Ga-P 
DAC    
Al-Si minerals 
(Dachiardite, Svetlozarite) 
DDR    
Sigma-1, ZSM-58, deca-
dodecasil-3R, B-Si 
DFO    DAF-1 
DFT    
DAF-2 (Co-P), ACP-3 
(Co-Al-P), UCSB-3 (Zn-
As, Ga-Ge), Mg-P, Zn-P 
DOH    dodecasil-1H, B-Si 
DON    UTD-1 (Co-Si) 
EAB    Mineral bellbergite 
EDI    
Minerals (edingtonite, 
Kalborsite), Zeolite N, 
Linde F, Zn-As, Zn-P, Ga-
Si, CoAPO 
EEI    SSZ-45, ERS-18 
EMT    EMC-2 
EON    
ECR-1, TNU-7 (Ga-Si), 
Mineral direnzonite 
EPI    Mineral epistilbite 
ERI    
UZM-12, AlPO-17, LZ-
220, Mineral erionite, 
Linde T 
ESV    ERS-7 
ETL    EU-12 
ETR    ECR-34 (Al-Ga-Si) 
EUO    
EU-1, ZSM-50, TPZ-3, B-
Si 
EWS    EMM-36 (B-Si) 
*-EWT    EMM-23 
EZT    EMM-3 
FAR    Mineral farneseite  
FAU    
Linde X, Linde Y, Mineral 
faujasite, Co-Al-P, Ga-Si 
FER    
FU-9, NU-23, ISI-9, ZSM-
35, Mineral ferrierite 
FRA    Mineral franzinite 





GIU    Mineral giuseppettite 
GME    Mineral gmelinite, Be-P 











GOO    Al-Si goosecreekite 
HEU    
Minerals heulandite, 
clinoptilolite 
IFO    ITQ-51 
IFR    ITQ-4, SSZ-42, MCM-58 
-IFT    ITQ-53 (Ge-Si) 
-IFU    ITQ-54 (Ge-Si) 
IFW    
ITQ-52 (B-Si), SSZ-87 (B-
Si) 
IFY    ITQ-50  
IHW    ITQ-32 
IMF    IM-5 
IRN    ITQ-49 (Ge-Si) 
IRR    ITQ-44 (Ge-Si) 
-IRY    ITQ-40 (Ge-Si) 
ISV    ITQ-7 
ITE     ITQ-3, Mu-14 
ITG    ITQ-38 (Ge-Si, B-Si) 
ITH    ITQ-13, IM-7 
*-ITN    ITQ-39 
ITR    ITQ-34 (Ge-Si) 
ITT    ITQ-33 (Ge-Si) 
-ITV    ITQ-37 (Ge-Si) 
ITW    ITQ-12 
IWR    ITQ-24, Ge-Si 
IWS    ITQ-26 (Ge-Si) 
IWV    ITQ-27 
IWW    ITQ-22 (Ge-Al-Si) 
JBW    
Zeolite J, Mineral 
nepheline, Al-Ge 
JNT    JU92 
JOZ    LSJ-10 (Be-Si) 
JRY    CoAPO-CJ40 
JSN    CoAPO-CJ69 
JSR    JU-64 (Ga-Ge) 
JST    Ga-Ge 
JSW    CoAPO-CJ62 
KFI    
Zeolite Q, Zn-Ga-As, ZK-
5 




LEV    
SAPO-67, AlPO-35, RUB-
1, ZK-20, NU-3, LZ-132, 
Mineral levyne 
LIO    Mineral liottie 










LOS    
Minerals bystrite and 
losod, Al-Ge, Be-P 
LOV    Mineral lovdarite (Be-Si) 
LTA    
ITQ-29, Linde A, SAPO-
42, ZK-21, ZK-22, UZM-
9, LZ-215, Ga-P, Cu-S 
LTF    LZ-135 
LTJ    Linde J 
LTL    
Linde L, LZ-212, Ga-Si, 
Mineral perlialite 
LTN    Linde N, Na-V, NaZ-21 
MAR    Mineral marinellite 
MAZ    
Mineral mazzite, Ga-Si, 
Zeolite Omega, ZSM-4, 
LZ-202 
MEI    
UZM-22, ZSM-18, ECR-
40 
MEL    
ZSM-11 (B-Si), SSZ-46, 
TS-2, Silicalite-2 
MEP    Mineral melanophlogite 
MER    
Mineral merlinoite, RMA-
2, Ga-Al-Si, Be-P, Linde 
W 
MFI    
silicalite-1, ZSM-5, As-Si, 
Ga-Si, Minerals mutinaite 
and encilite, Fe-Si, NU-4, 
TSZ-III, TS-1, AZ-1, NU-
5, USC-4 
MFS    ZSM-57 
MON    
Mineral montesommaite 
(Al-Si), Al-Ge 





MOZ    ZSM-10 
*MRE    ZSM-48 
MSE    MCM-68, YNU-2 
MSO    MCM-61, Mu-13 
MTF    MCM-35, UTM-1 
MTN    
ZSM-39, dodecasil-3c, 
CF-4 
MTT    
ZSM-23, EU-13, ISI-4, 
KZ-1 
MTW    
ZSM-12, B-Si, Ga-Si, NU-
13, TPZ-12, CZH-5 
MVY    MCM-70 (B-Si) 










MWW    ITQ-1, MCM-22, SSZ-25 
NAB    Mineral nabesite (Be-Si) 
NAT    
Minerals (natrolite, 
scolecite, gonnardite, 
mesolite), Al-Ge, Ga-Si, 
Ga-Ge 
NES    NU-87, Mineral gottardite 
NON    
nonasil, ZSM-51, CF-3, B-
Si 
NPO    Nitrides 
NPT    Oxonitridophosphate 
NSI    Nu-6(2) 
OBW    OSB-2 (Be-Si) 
OFF    
RMA-4, LZ-217, Mineral 
offretite 
OKO    COK-14 
OSI    UiO-6 
OSO    OSB-1 (Be-Si) 
OWE    UiO-28, ACP-2 
-PAR    Mineral partheite 
PAU    
Mineral paulingite, ECR-
18, Ga-Si 
PCR    IPC-4 




PON    IST-1 
POS    PKU-6 
PSI    PST-6 
PUN    PKU-9 (Al-Ge) 
RHO    
Mineral Pahasapaite, Be-P, 
Be-As, MAPO, Al-Ge 
-RON    Mineral roggianite 
RRO    RUB-41 
RSN    RUB-17 (Zn-Si) 
RTE    RUB-3 
RTH    SSZ-50, RUB-13 (B-Si) 
RUT    RUB-10, Nu-1 
RWR    RUB-24 
RWY    UCR-20 (chalcogenide) 
SAF    STA-15 
SAO    STA-1 
SAS    SSZ-73, STA-6 
SAT    STA-2 
SAV    STA-7 











SBN    
SU-46 (Al-Ge), UCSB-9 
(Ge) 
SBS    UCSB-6 
SBT    UCSB-10 
SEQ    SSZ-82 (B-Si) 
SFE    SSZ-48 
SFF    SSZ-44 
SFG    SSZ-58 (B-Si) 
SFH    SSZ-53 (B-Si) 
SFN    SSZ-59 (B-Si) 
SFO    EMM-8, SSZ-51 
SFS    SSZ-56 (B-Si) 
*SFV    SSZ-57 
SFW    SSZ-52 
SGT    sigma-2, B-Si 
SIV    SIZ-7 
SOD    
Minerals (Tugtupite, 
genthelvite, bicchulite, 
sodalite, hauyn, helvin, 
danalite), many different 
forms 
SOF    SU-15 (Si-Ge) 
SOR    ITQ-62 (Si-Ge), SCM-14 
SOS    SU-16, FJ-17 
SSF    SSZ-65 (B-Si) 
*-SSO    SSZ-61 
SSY    SSZ-60 (B-Si) 
STF    ITQ-9, SSZ-35, Mu-26 




*STO    SSZ-31 
STT    SSZ-23 
STW    HPM-1, SU-32 (Ge-Si) 
-SVR    SSZ-74 
SVV    SSZ-77 (Ge-Si) 
*-SVY    SSZ-70, ECNU-5 
SWY    STA-20 
SZR    SUZ-4 
TER    Al-Si terranovaite 
THO    
Mineral thomsonite, Ga-
Ge, Zn-Al-As, Zn-P 
TOL    Mineral tounkite 
TON    theta-1, ZSM-22, ISI-1 
TSC    
Mineral tschortnerite (Al-
Si) 











UEI    Mu-18 
UFI    UZM-5 
UOS    IM-16 (Ge-Si) 
UOV    IM-17 (Ge-Si) 
UOZ    IM-10 (Ge-Si) 
USI    IM-6 (Co-Ga-P) 
UTL    
IM-12 (Ge-Si), ITQ-15 
(Ge-Si) 
UWY    IM-20 (Ge-Si) 
VET    VPI-8 (Zn-Si) 
VFI    VPI-5, MCM-9, AlPO-54 
VNI    VPI-9 (Zn-Si) 
VSV    VPI-7 (Zn-Si) 
WEI    Mineral Weinebeneite 
-WEN    Mineral wenkite 
YFI    YNU-5 
YUG    Mineral yugawaralite 
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